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Abstract 
Global sea level has been persistently rising throughout the 20th century and is expected 
to continue this development in the future. Glaciers and ice caps outside the large ice 
shields of Greenland and Antarctica have been identified as important contributors to sea-
level rise. However, to yield any model-based quantification of this development, the 
climate-related surface mass balance of these ice masses is a crucial factor to be known. 
Two particularly influencing regions regarding global sea-level rise are Patagonia and the 
Arctic islands and archipelagos. 
This thesis deals with modelling and observation of glacier surface mass balances in these 
regions. Two ice caps form the regional case-study sites: Gran Campo Nevado located in 
southernmost Patagonia close to the Strait of Magellan and Vestfonna located in the 
northern Svalbard archipelago on the island Nordaustlandet. As it is the case for most 
remote regions of the world, data availability regarding these ice caps is insufficient for 
sophisticated, physically-based, dynamic modelling of glacier mass balance. Hence, 
feasible modelling methods of low complexity are employed to cope with the limitations 
regarding input data quantity and quality. The modelling approaches are based on the 
well established temperature-index method and are enhanced and further developed 
where ever necessary. 
First calculations of the surface mass balance of Gran Campo Nevado and Vestfonna are 
presented in individual studies. For Gran Campo Nevado also long-term past and future 
glacier evolution and climate sensitivity characteristics are analysed. In doing so, this 
thesis contributes to improve the knowledge about mass balance and potential 
contribution to sea-level rise of Patagonian and Arctic glaciers. Furthermore, it presents a 
set of enhancements and newly introduced approaches regarding glacier mass-balance 
modelling. These novelties are especially aimed at contributing to fulfilling the need of 
development of simple but nevertheless reliable glacier models that can be used to 
estimate the evolution of glaciers and ice caps in difficult to access, remote areas of the 
world. This finally serves to facilitate a more complete estimate of glacier induced sea-
level rise. 
  
 
Zusammenfassung 
Der weltweite Meeresspiegel ist während des 20. Jahrhunderts fortwährend angestiegen 
und es wird erwartet, daß sich diese Entwicklung auch in Zukunft fortsetzen wird. Die 
Gletscher und Eiskappen außerhalb der großen Eisschilde Grönlands und der Antarktis 
leisten dazu einen wichtigen Beitrag. Das Wissen über die Klima-gekoppelte Oberflä-
chenmassenbilanz dieser Eismassen ist ein entscheidender Faktor, um eine auf Modellen 
basierte Quantifizierung dieses Beitrages zu erhalten. Zwei besonders einflußstarke Re-
gionen im Bezug auf den weltweiten Meeresspiegelanstieg sind Patagonien sowie die 
arktischen Inseln und Archipele. 
Diese Dissertation behandelt die Modellierung und Beobachtung der Oberflächenmas-
senbilanzen von Gletschern in diesen beiden Regionen. Zwei Eiskappen dienen dabei als 
regionale Fallbeispiele: zum einen die Gran Campo Nevado Eiskappe in Südpatagonien 
nahe der Magellanstraße und zum anderen die Vestfonna Eiskappe auf der zum nördli-
chen Svalbard Archipel gehörenden Insel Nordaustlandet. Wie es für die meisten entlege-
nen Regionen der Welt der Fall ist, ist die Datenverfügbarkeit auch hier zu gering für 
aufwendige, physikalisch-basierte, dynamische Gletschermassenbilanzmodellierungen. 
Aufgrund dessen werden in dieser Arbeit einfach anwendbare Modellierungsmethoden 
mit geringerer Komplexität verwendet, um den im Bezug auf Datenquantität und -qualität 
vorhandenen Limitierungen gerecht zu werden. Diese Modellierungsansätze basieren auf 
der gängigen Temperaturindexmethode und werden den jeweiligen Gegebenheiten ent-
sprechend verbessert und weiterentwickelt. 
Es werden erste Berechnungen der Oberflächenmassenbilanzen der Gran Campo Nevado 
und der Vestfonna Eiskappe in Einzelstudien vorgestellt. Für die Gran Campo Nevado 
Eiskappe beinhalten diese ebenfalls Betrachtungen der längerfristigen Gletscherentwick-
lung in Vergangenheit und Zukunft sowie eine Analyse ihrer Klimasensitivität. Damit 
trägt diese Dissertation dazu bei, das Wissen über Massenbilanzen patagonischer und 
arktischer Gletscher sowie deren potentielle Beiträge zum weltweiten Meeresspiegelan-
stieg zu mehren. Darüber hinaus stellt sie ein Set von Weiterentwicklungen und neu ein-
geführten Ansätzen auf dem Gebiet der Gletschermassenbilanzmodellierung vor. Diese 
Neuerungen sind speziell darauf ausgerichtet dazu beizutragen den wachsenden Bedarf an 
einfachen aber nichtsdestotrotz zuverlässigen, glaziologischen Modellen zu decken, die 
dazu benutzt werden können die Entwicklung von Gletschern und Eiskappen in entlege-
nen, schwerzugänglichen Regionen der Welt abzuschätzen. Damit trägt diese Dissertation 
schließlich dazu bei, eine vollständigere Abschätzung des gletscherbedingten Meeres-
spiegelanstieges zu ermöglichen. 
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quantities measured are: at t0, when by definition there is no snow, the 
glacier surface height z0 (the height of the summer surface); at tx, the 
glacier surface height zx and (in a nearby snow pit or with a coring 
device) the mean snow density ρx; and at t1, the surface height z1 and 
the mean density ρ1 of the snow (if any). The winter balance bw is the 
change of mass between t0 and tx. The summer balance bs is the change 
of mass between tx and t1. It is impractical to measure ρs, or ρ1 when 
the annual balance is negative. In these cases the density of the lost 
mass is supplied by making an appropriate assumption; sometimes the 
summer balance is evaluated as -bw + ba. At the instant following t1, 
any residual snow is deemed to become firn and the glacier surface, at 
z1, becomes the summer surface z0 of the next mass-balance year. 
[Cogley et al., 2011] .................................................................................... 101 
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Fig. C.1: Snow-profile stratification down to the last-summer surface (LSS) in 
snow pit at ECS1 in spring 2008. Coordinates correspond to UTM 
zone 34N. Grain-shape symbols (left column) are given according to 
LIST OF FIGURES  ix 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
Table 5.6, \\\\ below LSS signifies glacier ice. Hardness (cf. Tab. 5.7) 
is shown as dashed line, density as thin line and snow temperature as 
thick line. Roman numerals on the right denote individual layers. ............. 135 
Fig. C.2: Snow-profile stratification down to the last-summer surface (LSS) in 
snow pit at ECS2 in spring 2008. Coordinates correspond to UTM 
zone 34N. Grain-shape symbols (left column) are given according to 
Table 5.6, \\\\ below LSS signifies glacier ice. Hardness (cf. Tab. 5.7) 
is shown as dashed line, density as thin line and snow temperature as 
thick line. Roman numerals on the right denote individual layers. ............. 136 
Fig. C.3: Snow-profile stratification down to the last-summer surface (LSS) in 
snow pit at ECS3 in spring 2008. Coordinates correspond to UTM 
zone 34N. Grain-shape symbols (left column) are given according to 
Table 5.6, //// below LSS signifies firn. Hardness (cf. Tab. 5.7) is 
shown as dashed line, density as thin line and snow temperature as 
thick line. Roman numerals on the right denote individual layers. ............. 137 
Fig. C.4: Snow-profile stratification down to the last-summer surface (LSS) in 
snow pit at AWS2 in spring 2008. Coordinates correspond to UTM 
zone 34N. Grain-shape symbols (left column) are given according to 
Table 5.6, //// below LSS signifies firn. Hardness (cf. Tab. 5.7) is 
shown as dashed line, density as thin line and snow temperature as 
thick line. Roman numerals on the right denote individual layers. ............. 138 
Fig. C.5: Snow-profile stratification down to the summer surface (SS) in snow 
pit at ECS1 in summer 2008. Coordinates correspond to UTM zone 
34N. Grain-shape symbols (left column) are given according to Table 
5.6, \\\\ below SS signifies glacier ice. Hardness (cf. Tab. 5.7) is shown 
as dashed line, density as thin line and snow temperature as thick line. 
Roman numerals on the right denote individual layers. .............................. 139 
Fig. C.6: Snow-profile stratification down to the summer surface (SS) in snow 
pit at ECS3 in summer 2008. Coordinates correspond to UTM zone 
34N. Grain-shape symbols (left column) are given according to Table 
5.6, //// below SS signifies firn. Hardness (cf. Tab. 5.7) is shown as 
dashed line, density as thin line and snow temperature as thick line. 
Roman numerals on the right denote individual layers. .............................. 140 
Fig. C.7: Snow-profile stratification down to the last-summer surface (LSS) in 
snow pit at ECS2 in spring 2010. Coordinates correspond to UTM 
zone 34N. Grain-shape symbols (left column) are given according to 
Table 5.6, \\\\ below LSS signifies glacier ice. Hardness (cf. Tab. 5.7) 
is shown as dashed line, density as thin line and snow temperature as 
thick line. Roman numerals on the right denote individual layers. ............. 141 
Fig. C.8: Snow-profile stratification down to the summer surface (SS) in snow 
pit at ECS2 in summer 2010. Coordinates correspond to UTM zone 
34N. Grain-shape symbols (left column) are given according to Table 
5.6, \\\\ below SS signifies glacier ice. Hardness (cf. Tab. 5.7) is shown 
LIST OF FIGURES  x 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
as dashed line, density as thin line and snow temperature as thick line. 
Roman numeral on the right denotes individual layer................................. 142 
Fig. D.1: Preparation work for mass-balance stake installation. Left: M. Möller 
drilling a hole for emplacement of a stake using a Heucke steam drill 
(photo by C. Schneider). Right: detail of a hole drilled into the glacier 
ice (photo by M. Möller). ............................................................................ 143 
Fig. D.2: Preparation of mass-balance stakes in Kinnvika research station by M. 
Möller (photo by M. Möller). ...................................................................... 143 
Fig. D.3: Field-data acquisition at mass-balance stakes. Left: snow-depth 
sounding at stake VF2 done by R. Möller (photo by M. Möller). Right: 
surface-ablation measurement at stake ECS1-1 done by M. Möller 
(photo by M. Braun). ................................................................................... 144 
Fig. D.4: Measurements of snow-profile attributes. Top left: visual stratigraphy 
analysis and listing by M. Möller (photo by T. Sauter). Top right: 
probing for snow-density measurements by C. Schneider (photo by M. 
Möller). Bottom left: snow-density measurement by R. Möller (photo 
by M. Möller). Bottom right: snow-temperature measurement by R. 
Möller (photo by M. Möller). ...................................................................... 145 
 
LIST OF TABLES  xi 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
List of tables 
Chapter 4 
Tab. 4.1: Overview and comparison of measured (ablation stakes on Glaciar 
Lengua [Schneider et al., 2007b]) and modelled (temperature-index 
model) ablation in m ice eq. .......................................................................... 28 
Tab. 4.2: Deviations (mm w.e.) of annual glacier-wide surface mass balance 
according to model runs with varying snow-cover starting conditions. 
Snow depth is scaled linearly using six classes within the given ranges 
of altitude and snow depth. The snow-cover starting condition used for 
modelling is a snow depth of 0-500 mm w.e. scaled between 300 and 
700 m a.s.l. .................................................................................................... 29 
Tab. 4.3: Coordinates of NCEP/NCAR and HadCM3 grid points used in this 
study. Grid point numbers correspond to labels used in Equations 
4.4a/b and in Figure 4.12............................................................................... 41 
Tab. 4.4: Regression coefficients and intercepts of the transfer functions (Eqs. 
4.4a/b) used for downscaling of NNR and HadCM3 data............................. 43 
Tab. 4.5: Key values of error analysis regarding the results of climate data 
downscaling. T and P represent air temperature and precipitation, 
respectively. N is the number of months in the time series. The given 
significance levels account for reduction due to auto correlation. ................ 47 
Tab. 4.6: Error analysis regarding the surface mass-balance modelling. Annual 
RMS error is based on annual surface mass balances of all complete 
years within each period. N is the number of months in the time series. 
Annual RMS errors and mean annual offsets are given in m w.e. The 
given significance levels account for reduction due to auto correlation. ...... 48 
Tab. 4.7: Glacier-wide annual surface mass balances according to given air 
temperature and precipitation offsets. Surface mass balances are given 
in mm w.e. a-1. They are calculated by adding the given air temperature 
and precipitation offsets to the 09/2000-08/2005 AWS record that 
serves as input for surface mass-balance modelling...................................... 51 
Tab. 4.8: Observed and modelled surface extents of Glaciar Noroeste in km². ........... 57 
Tab. 4.9: Performance of the combined downscaling procedure of air 
temperature (T) and precipitation (P) data. Measurements at the AWS 
during 09/2001-08/2005 serve for comparison. Significance levels 
according to Student’s t-test refer to linear correlations between 
downscaled and measured data and account for reduction due to 
autocorrelation............................................................................................... 59 
 
 
LIST OF TABLES  xii 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
Chapter 5 
Tab. 5.1: Metadata of automatic weather stations operated on Vestfonna. 
Shortwave-radiation sensors are used for both, incoming and reflected 
radiation measurements. ................................................................................ 75 
Tab. 5.2: Overview of numerical values of constants and parameters. ........................ 81 
Tab. 5.3: Glacier wide annual, winter and summer surface mass balance and 
total annual accumulation and ablation for the mass-balance years 
2000/2001 to 2008/2009. Seasonal balances according to fixed date as 
well as stratigraphic system. Mass-balance years in the fixed-date 
system last from September 1 to August 31. Therein, winter balances 
refer to the period September 1 to May 31 and summer balances to the 
period June 1 to August 31.Unit is m w.e. .................................................... 93 
Tab. 5.4: Overview on field campaigns and achieved in-situ measurements of 
surface mass-balance components. Duration is given in days; days of 
arrival/departure are counted half. No. stakes and No. snow pits refer 
to the number of repeat readings achieved at mass-balance stakes and 
to the number of snow profiles acquired from snow pits. ............................. 98 
Tab. 5.5: Metadata of mass-balance stakes at the time of installation on 
Vestfonna. Stakes are shown in order of increasing altitude. Locations 
on the ice cap are shown in Fig. 5.11. Altitude is given in m a.s.l. 
Length refers to the respective part of the stake located below the 
glacier ice surface (Ice), within the snowpack (Snow) or above the 
snow surface (Above). It is given in m........................................................ 100 
Tab. 5.6: Overview of morphological grain shape classes. Classes and symbols 
are denoted according to Fierz et al. [2009]. Morphological figures are 
taken from SLF table of snow attributes (Fig. 5.13). Equilibrium 
growth occurs at low temperature gradients and causes grains to round 
off; figures in this section correspond to ~5.0?3.5 mm. Kinetic growth 
occurs at high temperature gradients and results in recrystallization and 
changes in crystal size and shape; figures in this section correspond to 
~9.0?6.0 mm. ............................................................................................. 102 
Tab. 5.7: Overview on hardness classes of deposited snow. Classes are denoted 
according to the hand hardness test [Fierz et al., 2009]. ............................. 104 
Tab. 5.8: Measured surface mass balances at stakes in m w.e. Locations are 
shown in Figure 5.11. Given values account for superimposed-ice 
formation if appropriate (cf. Subsect 5.2.4.1). Surface mass balances 
shown as italic characters are affected by obvious measurement errors. 
A detailed description of all measurements and calculations is given in 
Appendix B. ................................................................................................ 105 
Tab. 5.9: Overview of bulk attributes of snow profiles. ∅ denotes the respective 
mean, ± the range between minimum and maximum. Depth is given in 
m, snow temperature (Temp.) in °C, density in kg m-3 and hardness 
according to Table 5.7. Comprehensive descriptions of each snow 
LIST OF TABLES  xiii 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
profile that account for the respective stratigraphy instead of for bulk 
values only are presented in Appendix C. ................................................... 106 
 
Appendix 
Tab. B.1: Locations (UTM zone 34N) of mass-balance stakes and dates of 
measurements within the respective field campaign. Sp and Su denote 
spring and summer campaigns of the given years, i.e. 08, 09 and 10. 
Individual dates are given as month/day. .................................................... 133 
Tab. B.2: Mass-balance stake measurements in the period spring 2008 to summer 
2010. For each measurement season the length of the stakes (4 m) is 
subdivided into the respective parts located below the glacier-ice 
surface (Ice), within the snowpack (Snow) or above the snow surface 
(Above). Values are given in m. Measured number are shown as 
underlined characters. In case both, Above and Snow are measured, the 
measure for Ice is also updated according to the remaining difference 
to 4 m. In case only Above is measured, the measure for Ice is assumed 
to be the same as in the previous season; the measure for Snow is then 
updated according to the remaining difference to 4 m. Superimposed 
ice formation (SI) is assumed as soon as the measure of Ice increases 
from one season to the next. It is only calculated for stakes with 
measurements for both, Snow and Above available. The derived, 
seasonal point surface mass balances (SMB) account for superimposed 
ice formation if appropriate. SI and SMB are given in m w.e. Grey 
shading represents obvious errors resulting from incorrect 
measurements of either Snow or Above. Resulting, incorrect measures 
for Ice are replaced by the previous, error-free value in the following 
season (yellow shading). ............................................................................. 134 
 
LIST OF ACRONYMS  xiv 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
List of acronyms 
ASTER Advanced Spaceborne Thermal Emission and Reflection Radiometer 
AVC area and volume change 
AWS automatic weather station 
BMBF Bundesministerium für Bildung und Forschung (Federal Ministry of 
Education and Research) 
CIRES Cooperative Institute for Research in Environmental Sciences 
DEM digital elevation model 
DFG Deutsche Forschungsgemeinschaft (German Research Foundation) 
ECMWF European Centre for Medium-Range Weather Forecasts 
ELA equilibrium-line altitude 
ENSO El Niño-Southern Oscillation 
EOS Earth Observing System 
ERA ECMWF reanalysis 
ESF European Science Foundation 
GCN Gran Campo Nevado Ice Cap 
GCM global circulation model 
GIC glaciers and ice caps outside Greenland and Antarctica 
GN Glaciar Noroeste 
GPS global positioning system 
HadCM3 Third UK Met Office Hadley Centre Coupled Ocean-Atmosphere GCM 
IPCC AR4 Intergovernmental Panel on Climate Change Fourth Assessment Report 
IPY International Polar Year 
MODIS Moderate Resolution Imaging Spectroradiometer 
NCAR National Center for Atmospheric Research 
NCEP National Centers for Environmental Prediction 
NNR NCEP/NCAR reanalysis 
NOAA National Oceanic and Atmospheric Administration 
NPI Northern Patagonian Icefield 
PDFT probability density function of air temperature 
RMS root mean square 
SAM Southern Hemisphere Annular Mode 
LIST OF ACRONYMS  xv 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
SLF Institut für Schnee- und Lawinenforschung, Davos (Swiss federal institut 
for snow and avalanche research, Davos) 
SPI Southern Patagonian Icefield 
SRES Special Report on Emissions Scenarios 
SRTM Shuttle Radar Topography Mission 
SSM seasonal sensitivity matrix 
TM Thematic Mapper 
UTM Universal Transverse Mercator 
WSFE weather station Faro Evangelistas 
1 INTRODUCTION  1 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 
 
 
 
 
 
Chapter 1 
1 INTRODUCTION  2 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 
 
 
1 Introduction 
1.1 Motivation and intention 
Recently, sea-level rise has become a major issue all around the globe. In the period 
1870-2004 global sea level has shown a mean rise of almost 0.2 m equalling a mean rate 
of change of approximately +1.7 mm a-1 during the 20th century [Church and White, 
2006]. Glacier and ice caps outside Greenland and Antarctica (GIC) contributed 0.028 m 
(~16%) to 20th century sea-level rise [Raper and Braithwaite, 2006]. About 0.01 m of this 
sum can be attributed to the period 1961-1990 where GIC were characterized by a mean 
specific mass-balance rate of -0.22 m w.e. a-1 [Kaser et al., 2006]. Since then the mass 
loss of GIC has shown further increase as it is indicated by increasingly negative mass 
balance rates of -0.42 m w.e. a-1 during the last decade of the 20th century [Ohmura, 2006] 
and -0.74 m w.e. a-1 in the period 2001-2005 [Cogely, 2009b]. This indicates that during 
the last decades the GIC induced contribution to sea-level rise has more than tripled: from 
0.33 mm a-1 in 1961-1990 [Kaser et al., 2006] to 1.12 mm a-1 in 2001-2005 [Cogley, 
2009b]. This increase is widely expected to continue in the future even if absolute 
amounts are highly controversial. While Raper and Braithwaite [2006] estimated the 
contribution of GIC to 21st century sea-level rise to 0.046-0.051 m, Meier et al. [2007] 
suggested a distinctly higher sum of 0.1-0.25 m. 
The progression of sea-level rise will have obvious physical impacts on coastal lowland 
areas around the world and directly and indirectly resulting socioeconomic effects are 
predominantly negative [Nicholls and Cazenave, 2010 and references therein]. The rate of 
sea-level rise shows considerable large-scale differences. Highest rates were found to 
spatially coincide with the region of one of the world’s most heavily populated coastal 
lowlands, i.e. the south-east Asian peninsulas, islands and archipelagos. Since 1993 sea 
level rise in the westernmost Pacific region has shown rates of 20 mm a-1 [Nicholls and 
Cazenave, 2010]. Within this period (1993-2009) total land-based ice loss explained 
approximately 60% of all sea-level rise [Cazenave and Llovel, 2010] with half of it being 
contributed by GIC [Cogley, 2009b]. This shows that the mass balance of smaller ice 
masses is one of the crucial factors in constraining future sea-level rise scenarios in the 
21st Century. 
Two of the three most important regions within this context besides Alaska are Patagonia 
and the Arctic [Kaser et al., 2006]. Patagonian ice masses have recently shown the 
world’s most negative glacier changes. Since 1960 their cumulative specific mass balance 
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has summed up to -35 m w.e. The Arctic glaciers and ice caps in contrast only reached a 
cumulative specific mass balance of -5 m w.e. However, due to their much larger overall 
surface area their contribution to sea-level rise was considerable. Related to all GIC the 
cumulative contribution of the Arctic glaciers and ice caps since 1960 summed up to 27% 
(5.2 mm) while the ice masses of Patagonia contributed another 18% (3.6 mm). This 
means that these two regions accounted for almost half of all GIC induced sea-level rise 
in the period 1960-2005 [Kaser et al., 2006]. Moreover, the Arctic ice masses are located 
in the region of highest predicted air temperature increase during the coming decades 
[Rinke and Dethloff, 2008] and can thus be expected to further increase their contribution. 
Patagonia and the Arctic can therefore be considered as key regions for present and future 
land-based ice induced sea-level rise. 
The estimation of present and predictability of future glacier changes within Patagonia 
and the Arctic is, however, limited by insufficient data availability. Patagonian GIC are 
among the world’s most scarcely studied ice masses in terms of mass balance and 
inventory data like areas or volumes [e.g. Cogley, 2009a; Ohmura, 2009]. The Arctic GIC 
in contrast are much better studied due to the fact that polar expeditions have been 
considered prestigious adventures by many countries and a long history of scientific 
expeditions into the Arctic has developed. However, an imaginary map about mass-
balance knowledge related to Arctic GIC would still show a number of blank spots. This 
situation is partly due to prevalently bad weather conditions and strong logistical 
challenges that have to be faced to obtain reliable field data and long-term measurements 
of any kind on Patagonian or Arctic glaciers. Hence, there is a need to develop simple and 
feasible modelling approaches that are capable of coping with limited input data quantity 
and quality. 
The mentioned ‘problem regions’ perfectly match the regional focus of two of the glacier 
related study sites of the Lehr- und Forschungsgebiet Physische Geographie und 
Klimatologie (Section on Physical Geography and Climatology) of RWTH Aachen 
University. It is this affiliation from where the studies that are presented in this thesis 
have been carried out. The ice cap Gran Campo Nevado (south Patagonia) is studied 
within an informal follow-on project of a former Deutsche Forschungsgemeinschaft 
(DFG, German Research Foundation) research grant (grant no.: Schn-680 1/1). The ice 
cap Vestfonna (Nordaustlandet, Svalbard) is studied within two ongoing research projects 
granted by the DFG (grant nos.: Schn 680/2-1 and 2-2) and by the European Science 
Foundation (ESF). Financing of the ESF project is done by the Bundesministerium für 
Bildung und Forschung (BMBF, Federal Ministry of Education and Research, grant no.: 
03F0623B) Project work was conducted under the broader umbrella of the International 
Polar Year core projects “IPY Kinnvika” and “IPY GlacioDyn”. 
The scope of this thesis is built around glacier mass-balance modelling and observations 
of the two ice caps Gran Campo Nevado and Vestfonna. The presented work covers a 
wide range of applications and advancements of the well established temperature-index 
modelling approach [e.g. Ohmura, 2001; Hock, 2003]. Its general context is formed by 
two major objectives, a regional and a methodical one: 
1) Improvement of general knowledge on the mass balance of Patagonian and Arctic 
glaciers and ice caps based on two showcase study sites 
1 INTRODUCTION  4 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
2) Further development and implementation of numerical models with low 
complexity, minimal input-data requirements to estimate present and future 
glacier changes. 
Following these objectives this thesis contributes to improve the knowledge about GIC 
induced contributions to present and future sea-level rise and helps to better constrain 
future sea-level rise projections. It not only adds to partly closing the large gap in 
knowledge about present and future evolution of Patagonian and Arctic glaciers. 
However, it also introduces new applications and improved methods of glacier mass-
balance modelling that could easily be transferred to other glacierized areas where limited 
data availability prohibits more sophisticated and physically-based modelling approaches. 
 
1.2 Outline and structure 
This thesis is organized into four main parts excluding introduction and conclusion. Its 
general outline and structure is presented in Fig. 1.1. 
 
 
Fig. 1.1: Outline of individual studies presented in Chapters 4 and 5. The flowchart comprises 
four levels: regional anchorage (dark grey, cf. Chapter 2), employed methods (medium grey, cf. 
Chapter 3), obtained type of glacier mass balance (light grey) and obtained type of glacier change 
(white). In the methodical level TI denotes temperature-index modelling and TRI temperature-
radiation-index modelling. Numbers at the arrow legend at the bottom indicate related chapters. 
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It starts with a concise overview on the bipolar regional anchorage and a description of 
the two individual study sites, i.e. the ice cap Gran Campo Nevado in southernmost 
Patagonia and the ice cap Vestfonna in northernmost Svalbard (Chapter 2, cf. dark grey 
boxes in Fig. 1.1). Then a second overview is given on the scientific methods including 
their theoretical background that are used in the individual mass-balance studies (Chapter 
3, cf. medium grey boxes in Fig. 1.1). The chapter differentiates between modelling and 
observation and synthesises the interrelations between the individual, methodical 
approaches. Furthermore, it presents a guideline through the individual studies (Chapters 
4 and 5) focusing on the step by step improvement of modelling methods and on how 
these are built upon each other. 
Following the introductory overviews the five individual studies forming the main part of 
this thesis are presented subdivided into two chapters accounting for the respective 
regional focus, i.e. Patagonia (Chapter 4) or Svalbard (Chapter 5). The results comprise 
different types of glacier mass balances (cf. light grey boxes in Fig. 1.1) as well as area or 
volume changes with time (cf. white boxes in Fig. 1.1). The general outline of each 
individual study is presented in Figure 1.1 by arrows guiding through the different levels 
of the flowchart. 
In Section 4.1 recent surface elevation changes of Gran Campo Nevado Ice Cap are 
calculated using remote sensing methods. The volume change is transferred into a glacier-
wide surface mass balance. Then the minimum climate forcing responsible for the 
observed mass changes is estimated by inverse appliance of temperature-index method 
based mass-balance modelling. The study presents the first reconstruction of climate 
forcing of recent surface mass balance in Patagonia. Based on the modelling architecture 
developed in Section 4.1, the next study (Sect. 4.2) analyses the climate sensitivity of the 
ice cap. Furthermore, it derives a 200-year reference surface mass-balance time series 
whose calculation is based on the potential mass-balance responses to climate 
perturbations quantified in the climate-sensitivity analysis. In doing so, it presents the 
first more than century-long mass-balance time series of any glacier in Patagonia so far. 
The third Patagonian study (Sect. 4.3) introduces a new method for deriving a future time 
series of conventional surface mass balance. It also presents a feasible method for 
modelling future glacier area and volume changes based on a minimum of input data. The 
new approach is developed and tested at an outlet glacier of the ice cap Gran Campo 
Nevado. Hence, it additionally presents the first estimation of future glacier evolution in 
Patagonia in terms of ice volume changes. 
Section 5.1 presents the first glacier-wide study of the surface mass balance of the ice cap 
Vestfonna. The modelling approach is based on a newly implemented temperature-
radiation-index model that accounts for realtime cloud-cover forcing in net shortwave 
radiation calculation. It thus combines numerical modelling with extensive remote 
sensing derived, gridded data inputs. This advancement of a well established method is 
expected to have great potential for spatially distributed modelling of glacier mass 
balance in regions characterized by prevalently high fractional cloud cover. The study 
closes a major gap in knowledge about the status of glacier mass balances throughout the 
Svalbard archipelago. The last study (Sect. 5.2) outlines the glaciological field work 
carried out during six individual field campaigns on Vestfonna that have been conducted 
in the framework of the IPY Kinnvika project. The findings subsequently form the basis 
for further analysis and discussion of the results of the mass balance modelling study. 
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2 Study sites 
The regional framework of the studies presented in this thesis is formed by two study 
sites in a bipolar setting (Fig. 2.1). The first study site is located in the highly maritime 
mid latitudes of the Southern Hemisphere close to the southern margin of South America 
in the mountainous area of the southern Patagonian Andes. The second one is located in 
the high, polar latitudes of the Northern Hemisphere in between the northern Atlantic and 
the Arctic Ocean on the Arctic archipelago of Svalbard. Both of theses regions are home 
of extensive glacierized areas that are subject of research within in this thesis. 
 
Fig. 2.1: Locations of the two study sites Gran Campo Nevado (GCN) and Vestfonna. 
 
 
2.1 Gran Campo Nevado 
2.1.1 General overview 
In the southern part of the Andean mountain range the largest single ice bodies outside 
Antarctica and the Arctic are found. Northern and Southern Patagonian Icefield (NPI and 
SPI) cover 4,200 km2 and 13,000 km2, respectively [Rignot et al., 2003]. The total of all 
glacierized areas within this region amounts to 21,200 km2 and is thus third among the 
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world’s non-polar regions after the high mountains of Asia and Alaska [Ohmura, 2009]. 
With a surface area of 190.5 km² in 2007 [Möller and Schneider, 2010a] Gran Campo 
Nevado Ice Cap (GCN) contributes to this total as the largest of the very few major ice 
bodys between the Southern Patagonian Icefield and the Strait of Magellan. 
 
Fig. 2.2: Overview on Gran Campo Nevado study site. Coordinates correspond to UTM zone 18S. 
Contour spacing on the glacier is 200 m. 
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The ice cap is located in the Chilean part of the Patagonian Andes on Península Muñoz 
Gamero at around 53°S (Fig. 2.2). It is surrounded by a complex system of fjords and 
channels connected to the western part of the Strait of Magellan. GCN is formed by a 
central ice plateau covering an elevation range between 1000 and 1650 m a.s.l. (above sea 
level). The interior part is drained by several outlet glaciers reaching down close to sea 
level with most of them calving into proglacial lakes. At present only three glacier 
tongues (two in the west and one in the east) are calving into the fjords. No data on 
whether the frontal parts of these glacier tongues are floating or grounded are available 
but given terrain steepness and own field observations suggest the latter. Land 
terminating outlets are only found in westernmost parts of the ice cap. Glaciar Lengua 
that is located in the east of the ice cap accords an exceptional position within this overall 
pattern. At present it is the only regenerated glacier belonging to the ice cap. 
The southern Andes between 48°S and 55°S form one of the very few topographic 
barriers for the southern hemispheric westerlies around the globe. Southernmost South 
America is the only continental land mass throughout these latitudes and is thus one of 
the most pronounced climate divides of the entire earth in terms of precipitation. Due to 
strong orographic effects precipitation sums increase from about 2,000-4,000 mm a-1 at 
the windward Pacific coast to more than 10,000 mm a-1 throughout the summit regions 
before they decrease until the leeward Patagonian lowlands where finally not even 
500 mm a-1 are reached [Aceituno et al., 1993; Cerveny, 1998; Schneider et al., 2003]. 
These large precipitation sums along the main divide support the perpetual existence of 
an ice cap down to comparatively low elevations even though the climatic setting of the 
region is rather temperate and characterized by a mean annual air temperature of +5.7°C 
at sea level [Schneider et al., 2003]. 
Southernmost South America has been subject to a pronounced positive temperature trend 
of about 0.3 K per decade [Rosenblüth et al., 1995; 1997]. There are no consistent trends 
to be found within precipitation data. However, the observed positive trend in the 
Southern Hemisphere Annular Mode (SAM, [Marshall et al. 2004]), which is a measure 
of the zonal pressure gradient between 40°S and 60°S, is likely to result in an increase of 
precipitation sums along the southern Andes. The SAM influences strength and position 
of the Southern Hemispheric Westerlies and thus the intensity and amount of orographic 
precipitation. During El Niño-Southern Oscillation (ENSO) warm phases (negative 
Southern Oscillation Index) this effect is superimposed by a temporary decrease in 
precipitation associated with west wind weather systems along the west coast of southern 
Patagonia between 51°S and 55°S due to a weakening of the large-scale pressure gradient 
between the subtropical high pressure system over the eastern Pacific and the low 
pressure trough over the Bellingshausen Sea [Schneider and Gies, 2004]. 
 
2.1.2 Previous work 
The ice cap was first mentioned by Lliboutry [1956] and first referred to as GCN by 
Paskoff [1996]. However, research activities have not started before the present decade. 
All of the studies that involved glaciological field work focused on the eastern outlet 
glaciers of the ice cap and in particular on Glaciar Lengua (Fig. 2.2) due to logistical 
reasons. The ice cap as a whole has only been considered in remote sensing studies so far. 
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The glacial history of the ice cap has been studied in terms of Late Glacial to Holocene 
ice retreat [Kilian et al., 2007] and Little Ice Age glacier fluctuations [Koch and Kilian, 
2005]. Kilian et al. [2007] presented a timing of ice retreat within the fjord system 
surrounding GCN by dating of different proxies. Koch and Kilian [2005] reconstructed 
glacier fluctuations at the eastern outlets of the ice cap based on dendrochronological 
dating of moraine systems. 
Schneider et al. [2003] studied the regional climate conditions along a zonal transect 
across GCN based on multiyear automatic weather station (AWS) measurements between 
the Pacific coast and Punta Arenas. This study analyses and describes the climatologic 
framework of this until then sparsely studied region and thus serves as a basis of all later 
works relating to glacier-climate interactions. 
First glaciological studies regarding the present status of the ice cap were presented by 
Schneider et al. [2007a; b]. Schneider et al. [2007b] compiled a glacier inventory of the 
entire ice cap including adjacent, minor ice bodies and described historic fluctuations of 
the major outlet glacier tongues. Schneider et al. [2007a] presented a detailed study on 
glacier energy balance of Glaciar Lengua. They also set up a basic degree-day model for 
ice and snow ablation. The calibration of this simple model serves as the very basis of the 
more sophisticated modelling studies regarding the surface mass balance of GCN that are 
presented in this thesis. 
 
2.2 Vestfonna 
2.2.1 General overview 
On the islands and archipelagos around the Arctic Ocean an ice-covered area of about 
272,700 km² including glaciers on Iceland and in Scandinavia is found [Dowdeswell et 
al., 1997]. The Arctic archipelago of Svalbard contributes to this total with ~13%. Its 
glaciers, ice fields and ice caps cover an area of 36,600 km² [Hagen et al., 2003b]. The 
ice cap Vestfonna is the second largest single ice body of Svalbard. Its surface area of 
~2400 km² makes it one of the largest ice masses of the European Arctic. 
The polythermal ice cap is located at around 80°N on the island Nordaustlandet that 
represents the majority of the northeastern part of the Svalbard archipelago (Fig. 2.3). It 
covers the elevation range from sea level to 630 m a.s.l. The dome-like ice body has a 
main E-W oriented ridge with its second highest point called Ahlmann Summit located 
almost in the centre. Another main ridge extends northward from a secondary, slightly 
higher peak located in the eastern part of the ice cap. Apart from these ridges, the shape 
of Vestfonna is dominated by the extensive, pronounced basins of its outlet glaciers. Most 
of these are suggested to be probably surge type glaciers [Dowdeswell, 1986; Dowdeswell 
and Collin, 1990]. The majority of the ice cap drains to the south into Wahlenbergfjorden 
through large (>5 km wide) calving fronts [Strozzi et al., 2008]. The largest outlet glacier 
is Franklinbreen whose two tongues calve into Lady Franklinfjorden, which is located on 
the northwestern side of the ice cap. A few smaller outlet glaciers drain into the fjords to 
the northeast. 
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Fig. 2.3: Overview on Vestfonna study site. Coordinates correspond to UTM zone 34N. Contour 
spacing on the glacier is 100 m. 
 
The climate of Svalbard is characterized by its close couplings between atmosphere, 
ocean and land [Serreze and Barry, 2005]. Influences of both, the cold arctic air masses 
and the comparably warm ocean water at the northernmost end of the North Atlantic 
Current are noticeable throughout the archipelago [Loeng, 1991; Schuler et al., 2007]. 
Accordingly, Svalbard features a maritime climate characterized by cooler summers and 
warmer winters than generally found at comparable latitudes. Mean monthly air 
temperatures at Vestfonna during the short summer seasons do not exceed +3°C; in 
winter they typically range between -10 and -15°C. Periods of considerable, short-term 
warming with air temperatures rising close to melting point frequently occur even during 
the winter months. 
The location of Vestfonna in the northeastern part of Svalbard causes the ice cap to be 
more directly influenced by weather systems originating in the Barents Sea region than by 
the westerly weather systems that determine the climate of other parts of the archipelago 
[Taurisano et al., 2007]. Accordingly, the ice-free areas of the Barents Sea form the 
major source of moisture for precipitation over Nordaustlandet [Førland et al., 1997]. 
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However, as Vestfonna is situated in the lee of the higher and neighboring Austfonna, its 
precipitation regime is characterized by reduced overall sums and a smaller horizontal 
gradient compared to Austfonna [Taurisano et al., 2007] where precipitation is 
considerably higher on the east than on the west side of the ice cap. 
 
2.2.2 Previous work 
Vestfonna has been subject of research in several studies during the last century. The first 
exploration of Vestfonna including its interior parts was conducted in the context of The 
Oxford University Arctic Expedition 1924. Pioneering glaciological observations, i.e. on 
general shape and morphology of the ice cap, its drainage characteristics and on crevasses 
and morains, were described by Sandford [1925]. Based on these studies a first overview 
on glacial conditions on Nordaustlandet was presented by Sandford [1929]. 
Seven years later the glacierized areas of Nordaustlandet were studied by The Swedish-
Norwegian Arctic Expedition 1931. From this second exploration a detailed analysis of 
general snow-pack evolution during the ablation season including transient snow-line 
altitudes was achieved [Ahlmann, 1933]. Moreover, snow and firn stratification in the 
accumulation area as well as several, measured snow and firn-temperature profiles were 
described [Fjeldstad, 1933]. 
In 1935/36 Vestfonna was yet again visited by a British expedition from Oxford 
University. The expedition erected an extensive, temporal snow-cave camp on Ahlmann 
Summit for a research period of 14 months [Glen, 1937]. A detailed description of 
observations related to snow and firn-temperature measurements and accumulation 
processes including considerations of the influence of wind drift was presented by Moss 
[1938]. However, the most important, final outcomes of this large expedition were an 
updated overview on all glacierized areas of Nordaustlandet [Glen, 1939] and the first 
comprehensive description of the ice cap Vestfonna [Glen, 1941]. 
Glaciological studies done during the International Geophysical Year 1957-1958 are 
presented by Schytt [1964]. Initial studies regarding refreezing of melt water have been 
carried out on Ahlmann summit and on the nearby northwestern slope of the ice cap 
[Palosuo, 1987b].Results of point energy balance studies including descriptions of 
temperature distribution and evolution within the uppermost 10 m of the glacier are 
presented and discussed by Palosuo [1987a]. 
In the 1980s and 1990s ice cores have been drilled on Ahlmann Summit (1981) as well as 
on the secondary, eastern peak (1995) of the ice cap [Vaykmyae et al., 1985; Punning et 
al., 1986; Sinkevich, 1991; Pinglot et al., 1999; Kotlyakov et al., 2004]. The core data 
have been included in paleoclimate reconstructions and Svalbard-wide accumulation 
studies. 
Recently, field work has been carried out in the context of the International Polar Year 
(IPY) core project “Kinnvika”. First results regarding snow chemistry were published by 
Beaudon and Moore [2009]. However, the mass balance of the ice cap has only been 
sparsely studied in previous work. 
3 METHODICAL OVERVIEW  13 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 
 
 
 
 
 
Chapter 3 
3 METHODICAL OVERVIEW  14 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 
 
 
3 Methodical overview 
The methods used in this thesis are centred on numerical mass-balance modelling as well 
as on remote sensing or fieldwork based mass-balance observations. This chapter gives a 
baseline insight into the different concepts of and perspectives on glacier mass balance 
that are relevant for the individual studies presented in Chapters 4 and 5. Moreover, it 
summarizes the methodical framework of these studies and presents a guideline through 
the successive further developments in the field of mass-balance modelling and related 
applications that are achieved in the course of the different studies. 
 
3.1 General concepts of glacier mass balance 
Glacier mass balance can be defined as the change in mass that a glacier as a whole or 
only a particular part of it experiences over a certain period. This change may comprise 
variations of surface topography and fluctuations of aerial extent. Depending on whether 
these changes are considered or not the term mass balance is subdivided into a glacier-
wide a) conventional balance and b) reference-surface balance [Elsberg et al., 2001]. A 
time series of conventional mass balance thus includes topography feedbacks, i.e. it 
accounts for the continuous adjustment of the glacier surface at each increment of time. A 
time series of reference-surface mass balance in contrast always corresponds to a glacier 
surface that remains unchanged over the entire period. In the studies of this thesis both 
types of mass balances are addressed. Besides these two glacier-wide approaches to 
glacier mass balance, also point mass balances are accounted for. This approach to glacier 
mass balance only refers to a specific point on the glacier surface and the vertical column 
directly beneath it. 
Besides these overall considerations the term glacier mass balance also incorporates 
different components (Fig. 3.1). It may refer to different sections within an idealized, 
vertical column of the glacier, i.e. surface, interior or base. The surface mass balance 
considers all mass changes that solely occur within the layer above the last summer 
surface. All processes that add or discharge mass to or from the interior of the glacier are 
referred to as internal mass balance. The mass changes within the glacier are always 
induced by processes originating on the surface, e.g. percolation of melt water and 
subsequent refreezing, and are thus also influenced by climate conditions. Hence, the 
surface and the internal mass balance together are termed the climatic mass balance 
[Cogley et al., 2011]. The basal mass balance, which accounts for mass gains and losses 
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at the base of a glacier, is not considered in most mass balance studies due to a) its 
difficult or mostly impossible assessment and b) its negligible quantity. All studies of this 
thesis only deal with surface mass-balance issues. 
 
 
Fig. 3.1: Components of the mass balance of a glacier. The arrows have arbitrary widths and do 
not indicate physical pathways of mass transfer. [Cogley et al., 2011 and reference therein] 
 
3.2 Modelling and observation of glacier mass balance 
In this thesis glacier mass balance is assessed in two different ways, i.e. calculated by a 
model and/or derived from observations. In the course of the individual studies 
methodical advancement is achieved a) by merging of different, existing methods to new 
approaches and b) by further development of established methods themselves.  
In the first Patagonian study (Subchapt. 4.1) the methodical basis for all subsequent GCN 
studies is formed. It sets up and applies the elementary version of a surface mass-balance 
model that is extended successively afterwards. Besides an uncomplex elevation and air 
temperature-dependent accumulation scheme it is based merely on an ablation module 
consisting of a degree-day method based temperature-index model. In general, this type 
of model parameterizes ablation solely as a function of air temperature. It was first 
applied by Finsterwalder and Schunk [1887]. The simplification behind this type of 
model is justified by energy-balance considerations as outlined in detail by Ohmura 
[2001]: The most important energy sources for melt in the order of importance generally 
are a) incoming long-wave radiation, b) absorbed short-wave radiation and c) sensible 
heat flux. Taken together, a) and c) account for around 75% of available melt energy. As 
both of them are strongly influenced by air temperature, this forms the basis for a robust 
parameterization of occurring melt by only one single influencing factor. 
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The basic formulation of the surface mass-balance model is applied in an inverse mode in 
the first Patagonian study (Subchapt. 4.1). The modelling scheme is coupled to glacier-
wide surface mass-balance observations. Starting from this, the suggested approach 
explicitly avails itself of the simplicity of the temperature-index method to reconstruct the 
air temperature and precipitation forcing to the model that is required to obtain the 
observed glacier change. It thus presents a feasible way to estimate the most frequently 
recorded meteorological elements from glacier-change information. This method can be 
used to obtain quantitative information on climate change in regions with no long-term 
measurements available. Therewith, it contributes to achieve valuable air temperature and 
precipitation information that in turn can be used for other glacier-climate interaction 
studies. The surface mass-balance model developed in the first Patagonian study is used 
in an unchanged way for the study of long-term mass-balance evolution presented in 
Subchapter 4.2. Both studies yield reference-surface surface mass balances. 
In the second GCN study (Subchapt. 4.2) it is attempted to calculate long-term volume 
changes. However, as this computation can only be based on surface mass-balance 
information that are related to a reference-surface at this stage of model further 
development it emerges the need for a more sophisticated modelling scheme. Reliable 
volume-change information can only be estimated from conventional surface mass-
balance data. Therefore, a surface mass-balance model providing an adequate type of 
result is developed (Subchapt. 4.3). The method is based on a newly presented approach 
for deriving absolute glacier volumes from easily observable area changes. It employs the 
volume-area scaling theory presented by Bahr et al. [1997] that assigns empirically 
derived relationships to the ratios between surface area and volume of glaciers or ice 
caps. This further development of the original model allows for the calculation of 
conventional surface mass-balance time series in combination with accompanying area 
and volume changes. The approach thus also contributes to facilitate the achievement of 
more reliable ice-volume estimates providing valuable baseline data for constraining 
future sea-level rise. 
Another further development of the surface mass-balance model presented (Subchapt. 
4.3) is the incorporation of a feasible method for running the temperature-index model 
with monthly instead of daily input data. Means of monthly air temperature feature the 
negative side effect of not representing periods characterized by the respective opposite 
sign. For a temperature-index method based ablation models this means that a month 
without any ablation is calculated as soon as the monthly air temperature input shows a 
negative value. However, this effect leads to the neglect of ablation occurring during 
potential, short-term periods of positive air temperature within the same month. Vice 
versa it would result in the neglect of accumulation occurring during potential, short-term 
periods of negative air temperature in a month characterized by a positive air-temperature 
mean. This problem was first addressed in mass-balance modelling by Braithwaite [1984] 
and a solution based on mean annual and mean summer air temperatures was presented 
by Reeh [1991]. The methods are modified to fit into the given model architecture and to 
explicitly account for the addressed problem regarding monthly input data. 
With these two further developments (successive area and volume changes and possibility 
for monthly input data) readily implemented, the surface mass-balance model presented 
in Subchapter 4.3 can be regarded as an easily applicable tool for modelling of future 
glacier evolution. Particularly, as data of future climate scenarios produced by global 
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circulation models are usually provided on a monthly resolution. The transferability of the 
developed model to alternative study sites has been proven by its successful application in 
another glacier-evolution study [Buttstädt et al., 2009]. It can thus be regarded as a 
feasible and nevertheless uncomplex method for a modelling task that would otherwise 
require the application of a fully dynamic ice-flow model. 
The changing of study sites from Patagonia to Svalbard finally requires a completely new 
surface mass-balance modelling approach. The justification for the employment of a basic 
temperature-index model is not entirely valid under Arctic conditions as absorbed short-
wave radiation accounts for a considerable energy source for melt [Winther et al., 2003]. 
Therefore, the temperature-index ablation model has to be replaced by an index-based 
model considering both, air temperature and absorbed short-wave radiation as influencing 
factors. To fulfil this requirement an enhanced version of the temperature-radiation-index 
model of Pellicciotti et al. [2005] is used. 
The application of a temperature-radiation-index ablation model yields the positive side 
effect of implying a straightforward method of spatially distributed modelling [Hock, 
1999; 2003]. This feature is especially important for modelling the surface mass balance 
of large glaciers with only limited areas accounted for during the recovery of calibration 
data during field work, as it is the case for the Vestfonna modelling study (Subchapt. 5.1). 
The considerable spatial differences in ablation tend to bias field data that have been 
collected only from a limited part of the glacier surface towards the specific mass-balance 
conditions of the respective area. Thus, it can not be referred to when calibrating a mass-
balance model for the entire glacier unless a spatially distributed approach is used. This 
spatial distribution is achieved by applying potential solar radiation as incoming short-
wave radiation flux in most studies [e.g. Hock, 2003]. However, the Arctic is 
characterized by frequently high fractional cloud cover conditions that make it impossible 
to rely on potential instead of true radiation as spatially differencing energy source. 
Therefore, the Pellicciotti et al. [2005] model is suggested to be extended by 
incorporation of remotely sensed cloud-cover data that not only allow for the reduction of 
potential radiation due to cloud cover conditions but also for a true spatial distribution of 
short-wave radiation fluxes at the surface. This enhancement of a well established model 
facilitates its implementation for a large Arctic ice cap and the subsequent calculation of a 
reference-surface surface mass-balance time series for Vestfonna. The approach is 
considered to be a robust method for truly spatially distributed ablation modelling on 
extensive glacierized areas. It thus contributes a method capable of accounting for the 
complex weather conditions frequently present in the Arctic to the pool of modelling 
tools designed to achieve reliable estimates of future sea-level rise from the extensive ice 
caps of this region. The extension of the model also introduces the possibility to study the 
influence of changing cloud cover on surface mass-balance conditions. 
To evaluate the performance of the surface mass-balance modelling architecture used in 
the Vestfonna modelling study (Subchapt. 5.1) the results are compared to fieldwork-
based point-balance measurements. This analysis is outlined and presented in Subchapter 
5.2. 
Taken together, methodical advancement in the field of mass-balance modelling is 
achieved in the course of this thesis in terms of climate-forcing reconstruction, glacier-
volume estimation, area and volume-change modelling and incorporation of gridded 
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remote sensing data. Further details of all methods and methodical advancements are 
presented in the course of the related individual studies within Chapters 4 and 5. 
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4 Studies at Gran Campo Nevado 
4.1 Climate forcing of recent glacier surface elevation 
changes (1984-2000) 
Digital elevation models of GCN representing the years 1984 and 2000 were compared in 
order to obtain occurred surface elevation changes.Results show a mean glacier-wide 
surface lowering of 6.15 m ice eq. during the study period. The outlet glacier tongues 
show a massive thinning whereas the centre of the ice cap is characterized by a moderate 
thickening. Thus, a considerable variability with altitude is observed. Hypothetically, this 
could be explained by the combined effects of increased precipitation and increased mean 
annual air temperature. Both to verify and to quantify this pattern of climatic change, the 
mean glacier change and its variation with altitude are compared to the output of a 
temperature-index method based surface mass-balance model. The observed glacier 
change is traced back to its potential climate forcing. It is comparable with the effects of a 
precipitation offset of at least +7-8% and an air temperature offset of around +0.3 K 
starting from theoretical equilibrium conditions for the period 1984-2000. 
The content of this subchapter has been published by Möller et al. [2007] in Annals of 
Glaciology and Möller and Schneider [2010b] in Journal of Glaciology. It is reprinted 
with permission of the International Glaciological Society. 
 
4.1.1 Introduction 
Glaciers in Patagonia, especially NPI and SPI and to a lesser degree the glacierized areas 
of Tierra del Fuego, have been subject to intensive glaciological and climatological 
research [e.g. Holmlund and Fuenzalida, 1995; Casassa et al., 2002a; Rivera et al., 2002; 
Porter and Santana, 2003; Rignot et al., 2003; Strelin and Iturraspe, 2007]. However, 
volumetric glacier change studies are rare around both Patagonia and Tierra del Fuego. 
Most studies only consider the variations of individual glacier tongues [e.g. Casassa et 
al., 1997; Naruse et al., 1997; Skvarca and Naruse, 1997; Warren et al., 1997; Rivera 
and Casassa, 1999]. The only comprehensive study that includes most of NPI and SPI is 
that of Rignot et al. [2003]. It reveals a mean geodetic mass-balance rate of -1.0±0.1 m a-1 
ice eq. within the period 1968/1975-2000. Knowledge on glaciers in Patagonia remains 
limited for many smaller ice caps and glaciers [Casassa et al., 2002b]. For the smaller ice 
masses of the regions of Aysén and Magallanes which include the area of GCN slightly 
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less negative geodetic mass-balance rates have been estimated by Rivera et al. [2002]. 
For the period 1945-1996 they obtain values between -0.5 and -1.0 m a-1 ice eq. for the 
ablation areas and -0.3 m a-1 ice eq. for the accumulation areas. 
 
 
Fig. 4.1: Location of GCN and terrain surface classification of the study area. Contour spacing is 
200 m. Coordinates correspond to UTM zone 18S. AWS marks the automatic weather station 
located at Puerto Bahamondes at 28 m a.s.l. 
 
The aim of this study is a) to calculate the volumetric glacier change of GCN (Fig. 4.1) in 
the period 1984-2000 and b) to derive the climate forcing responsible for the obtained 
geodetic mass balance. Differences in terrain elevation are computed between two digital 
elevation models (DEM) representing the glacier surfaces at the beginning and the end of 
the study period. The approach partly follows the methods used by Rignot et al. [2003] 
who calculated the surface elevation and thus volume changes of the Patagonian Icefields. 
The obtained glacier change is compared to surface mass balances calculated using a 
temperature-index model that is based on the degree-day method. By this means a 
reconstruction of the underlying climate forcing was done. Glacier change was linked to 
climate variability as expressed by a specific combination of minimum offsets of air 
temperature and precipitation related to artificial climate conditions that lead to a surface 
mass balance being in equilibrium. Therewith, the climate forcing responsible for the 
observed glacier changes could be described as deviation from equilibrium conditions. 
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4.1.2 Data, method and results 
4.1.2.1 Change detection by analysis of digital elevation models 
The terrain situation in 1984 is represented by a 10 m grid DEM based on aerial 
photographs acquired in March 1984. Its original vertical accuracy at single pixels was 
limited to only 35 m [Schneider et al., 2007b]. 
The second DEM represents the terrain surface situation in 2000. It is part of the freely 
available 90 m grid Shuttle Radar Topography Mission (SRTM) DEM acquired in 
February 2000. Generated from the records of the C-band antenna (wavelength 
λ = 5.6 cm), the data subset shows a vertical error of distinctly less than 10 m at each 
pixel [Rodriguez et al., 2005]. This is because the nominal relative vertical error of 10 m 
can be considered to be even smaller at GCN because it was found to decrease with 
increasing latitude [Rabus et al., 2003]. 
 
Fig. 4.2: Relative frequency distribution of elevation differences of glacierized and non-glacierized 
areas obtained from DEM analysis. 
 
Both DEM were geo-referenced to a uniform 10 m grid. The calculation of surface 
elevation differences between the 1984DEM and the 2000DEM resulted in a systematic 
pattern of positive and negative elevation differences that suggested an aspect 
dependency. As this could not be explained by natural processes this systematic error was 
analysed in more detail. Moreover, a two-part analysis of these elevation differences 
considering, on the one hand, the glacierized areas and, on the other hand, the non-
glacierized areas illustrates that the ice masses of GCN must have been subject to a 
considerable change between 1984 and 2000. The frequency distribution of the elevation 
differences within the glacierized areas shows a much broader and more irregular 
distribution shifted to more negative values than those within the non-glacierized areas 
(Fig. 4.2). This obviously indicates that an overall loss of ice volume has occurred. 
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Fig. 4.3: Dependency of mean surface elevation differences of the non-glacierized areas on aspect. 
 
This finding indicates that the potential systematic error between both DEM is masked by 
additional surface changes on glacier surfaces. Only the non-glacierized areas are 
characterized by an almost symmetric and strongly centred frequency distribution of 
elevation differences (Fig. 4.2). This implies that the aspect-dependent pattern of surface 
elevation differences between the two DEM surfaces has to be considered as introduced 
by a systematic error. The irregular changes within the glacierized areas in contrast to the 
non-glacierized parts must be due to real surface changes. The systematic pattern of 
elevation differences can be described by computing the mean elevation differences of 
unchanged surfaces such as rock and forest areas as a function of aspect. The result (Fig. 
4.3) confirms the hypothesis of an aspect-dependent systematic error. It is most probably 
explained by a small geo-referencing error resulting in a minimal displacement of the two 
DEM to each other [Kääb, 2005]. The empirically derived deviations presented in Figure 
4.3 were approximated by a regression in six different sections composed of both 
polynomial and sine fits (R2 = 0.89). Based on this regression analysis, an aspect-
dependent correction of the 1984DEM was performed (Fig. 4.3). After that, the result of 
the subtraction of the corrected 1984DEM from the 2000DEM showed an altitude 
dependency of the elevation differences. Hence, a systematic error within the SRTM data 
comparable with findings of Berthier et al. [2006] is assumed. It was approximated by a 
simple linear fit (r² = 0.60), which was used to correct the SRTM surface.1 To evaluate 
the achieved improvement of vertical accuracy the terrain elevations of all non-
glacierized areas of the two DEM were compared once again. Results indicate a high 
similarity between both terrain surfaces. The mean difference between the non-
glacierized areas of the two uncorrected DEM is +0.9±40 m. It improves to -0.3±35 m 
when calculated for the corrected ones (Fig. 4.2). The given ranges indicate one standard 
                                                           
1 In 2008, the findings of Berthier et al. [2006] regarding the altitude dependent error in the SRTM 
data were proven to be wrong [Paul, 2008]. Therefore, calculations of surface elevation changes 
and climate forcing were renewed later on (cf. Section 4.1.5). 
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deviation. This result is considered as a successful co-registration of the two DEM. The 
near-zero mean difference indicates that a significant systematic elevation offset between 
the two DEM can be ruled out after both corrections. Subsequently, it was possible to 
obtain reliable surface elevation changes of GCN. 
 
 
Fig. 4.4: Areas of positive (2000 > 1984) and negative (2000 < 1984) glacier surface elevation 
changes (ice eq.). Grey areas on the glacier represent gaps resulting from areas of missing values 
in at least one of the employed DEM. Coordinates correspond to UTM zone 18S. Contour spacing 
is 250 m. 
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The analysis of the volumetric glacier change was performed exclusively for GCN itself 
(Fig. 4.1). The basic prerequisite for the computation of this volumetric glacier change is 
the existence of terrain elevation data in both DEM. Hence, it was necessary to omit all 
areas characterized by missing elevation values. Due to a lack of contrast in the 
underlying aerial photographs, extensive areas of the 1984DEM surface had been 
interpolated. Consequently, these areas had to be treated as missing values because of the 
insufficient vertical accuracy regarding elevation data. In the 2000DEM small areas of 
missing values are present due to the specific method of data acquisition by means of 
interferometric radar remote sensing. Missing values basically correspond to very steep 
areas where shadow effects, layover and phase unwrapping problems are relevant. Thus 
the glaciated area where surface elevation changes could be calculated was limited to 
64.4% of the total extent of GCN. Large gaps occur especially throughout the ice cap’s 
summit region (Fig. 4.4). To interpolate these gaps, the relation between surface elevation 
change and altitude was analysed. By calculating mean elevation changes related to 50 m 
altitude bins, a dependency on altitude was found (Fig. 4.5). For its approximation both a 
logarithmic and a polynomial fit were considered. The extrapolation of the logarithmic fit 
down to lower altitudes would have led to an obvious overestimation of ablation (Fig. 
4.5). Therefore the polynomial fit was chosen, even though its explained variance 
(r² = 0.90) is slightly smaller than the one of the logarithmic fit (r² = 0.91). From this 
regression analysis a mean surface elevation change profile was estimated for the whole 
range of terrain elevations (Fig. 4.6). With the subsequent replacement of all gaps in the 
data, the volumetric analysis of the glacier changes of GCN was completed and the 
overall volumetric change of the ice cap including its spatial distribution could be 
derived. The results of this analysis serve as a basis for the constraints of possible climate 
forcing. 
 
Fig. 4.5: Mean glacier surface elevation changes and its dependency on altitude. Error bars at the 
data points represent RMS errors. Grey lines represent logarithmic (regression 1) and polynomial 
(regression 2) fits to the data. 
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Fig. 4.6: Mean surface elevation change according to regression 2 (cf. Fig. 4.5). Coordinates 
correspond to UTM zone 18S. Contour spacing is 250 m. 
A mean thinning of 6.15 m ice eq. was derived for the period 1984-2000. This 
corresponds to a mean geodetic mass-balance rate of -0.35 m w.e. a-1 when assuming a 
mean density of glacier ice of 900 kg m-3 [Paterson, 1994]. A zone of unchanged surface 
elevations was identified at an altitude of ~975 m a.s.l. Below this altitude data indicate a 
strongly increasing thinning of the glacier tongues with decreasing altitude resulting in a 
mean ice thinning of 12.6 m. In contrast to that, above ~975 m a.s.l. a thickening of the 
ice cap was observed, which shows a moderate increase with altitude resulting in a mean 
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ice thickening of 7.4 m. Mean annual surface elevation changes thus ranges between 
-2.86 m w.e. a-1 at the lower ends of the outlet glaciers and +0.60 m w.e. a-1 at the central 
part of the ice cap. Concerning the ablation areas these results are in reasonable 
agreement with the estimate presented by Rivera et al. [2002]. A thickening as it is 
present throughout the central parts of GCN, however, has not been reported for 
Patagonian glaciers before. 
 
4.1.2.2 Error analysis regarding digital elevation models 
In order to check whether the elevation differences between the glacier surfaces of 1984 
and 2000 are clearly distinguishable from stochastic noise, a Student-t-test was applied to 
the deviations between the mean differences of both DEM in general and both the 
glacierized areas above and below 975 m a.s.l. It was revealed that the surface change of 
the glacier cannot be attributed to stochastic noise on a level of significance of 99.9%. 
The glacier change of GCN was thus accepted as real change. 
Error analysis shows an error of 36 m for individual elevation differences between the 
glacier surfaces of the two DEM based on single pixels. However, the root mean square 
(RMS) error over the whole domain is only 0.26 m based on the 90 m grid spacing of the 
original SRTM data. When each 50 m altitude bin is addressed separately, the RMS 
errors along the elevation change profile range from 1.0 m at lower altitudes to 3.9 m in 
the upper parts of the ice cap (Fig. 4.5). The polynomial fit (Fig. 4.5) used to approximate 
the glacier change profile is characterized by an RMS error of 5.3 m. Accordingly, the 
interpolated values of the glacier change show a much lower accuracy then the non-
interpolated values. To assess the overall error of the mean glacier change, the RMS 
errors of the non-interpolated areas of each 50 m altitude bin and the RMS error of the 
respective interpolated areas were combined by weighting them according to the number 
of pixels in each category. This calculation yields an error range of ±2.5 m w.e. for the 
period of 16 years. Hence, the geodetic mass-balance rate of GCN is given by 
-0.35±0.16 m w.e. a-1. 
Rignot et al. [2001] report a penetration depth of the SRTM radar beam into the snow 
pack of 1-2 m. In the case of GCN, where short term melt events in summer frequently 
extend up to the summit area, it is reasonable to assume that this value is less than 1 m. 
Therefore, it was not taken into account in this study. Nevertheless, the penetration depth 
would add to the observed positive change in elevation in the accumulation area. 
 
4.1.2.3 Climate forcing estimated using a temperature-index model 
In order to determine the climate forcing of the observed glacier changes, a set of 
theoretically derived mass-balance profiles using varying combinations of air temperature 
and precipitation offsets were computed by a temperature-index model. This type of 
model, especially in terms of degree-day models, was studied intensely during the last 
decades [e.g. Braithwaite, 1981]. Recently, reviews were presented by Ohmura [2001] 
and Hock [2003]. The temperature-index model (cf. Eq. 4.5) calculates the ablation (a) at 
the surface based on the positive mean daily air temperature (T) and a degree-day factor 
(f) according to: 
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 Tfa ⋅=     for T > 0°C 
   (4.1) 
 0=a           for T < 0°C. 
 
In Equation 4.1 f is set to 7.0 mm w.e. K-1 day-1 for ice surface (fice) and 
3.5 mm w.e. K-1 day-1 for snow surface (fsnow) according to energy balance measurements 
on the ice surface of one of the outlet glaciers (Glaciar Lengua) in summer 2000 as 
described in detail in Schneider et al. [2007a] and on the basis of long-term 
measurements at ablation stakes (Tab. 4.1). The set of ablation stakes consists of 12 m 
long, flexible, white plastic tubes that were placed into holes drilled using a steam driller. 
Details of the ablation stake network are presented in Schneider et al. [2007a]. The 
measurements reasonably agree with the TIM result. Differences are generally within 
10%. However, at stake “L-up” the deviations of 38% in 2001 and 15% in 2002 indicate a 
serious error which may be caused by movement of the stake within the borehole or by 
some other measurement error. Since the long-term measurements include periods with 
snow cover it is assumed that taking fsnow to 50% of fice is an appropriate choice. This is 
also supported by values presented in other studies [e.g. Braithwaite, 1995]. 
 
Stake No. Altitude 
(m a.s.l.) 
Period Abl. 
mod. 
Abl. 
meas. 
Dev. 
mod./meas.
Set2000 450 28.02.00 - 12.04.00 1.96 1.88 +4.0% 
L1, L2, L3 431 17.11.00 - 21.03.01 4.49 4.47 +0.4% 
L1, ..., L5 428 21.03.01 - 10.03.02 7.20 7.56 –4.6% 
L-AWS 449 21.03.01 - 10.03.02 6.91 7.15 –3.4% 
L-up 504 21.03.01 - 10.03.02 6.02 4.36 +38.1% 
L2, …, L5 428 11.03.02 - 03.03.03 6.22 6.90 –9.9% 
L-AWS 449 11.03.02 - 10.03.03 6.27 6.93 –9.5% 
L-up 504 21.03.02 - 10.03.03 5.10 6.01 –15.1% 
 
Tab. 4.1: Overview and comparison of measured (ablation stakes on Glaciar Lengua [Schneider et 
al., 2007b]) and modelled (temperature-index model) ablation in m ice eq. 
 
The decrease of air temperature with altitude (–0.63 K (100 m)-1) and the increase of 
precipitation with altitude (5% (100 m)-1) were defined according to measurements at 
automatic weather stations (AWS) operated at different altitudes during the years 2000-
2003. Details on the AWS and the measurements for the period 2000-2002 are presented 
in Schneider et al. [2003]. As a boundary condition for the start of each model run, a 
pattern of existing snow cover based on field observations according to Table 4.2 is 
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assumed. In the course of the model run this snow cover develops according to ablation 
and/or solid precipitation with respect to altitude and the meteorological record. Different 
snow cover patterns at the start of each model run were considered in order to check the 
effect on model results (Tab. 4.2). The sensitivity of the model to the different starting 
conditions introduces an error of ±15 mm w.e. a-1 to the ablation calculation. 
 
  Altitude range of snow cover variation (m a.s.l.) Min. to max. of snow 
depth (mm w.e.) 0 - 400 300 - 700 600 - 1000 
0 - 250 –1 –9 n. a. 
0 - 500 +15 0 –14 
0 - 750 n. a. +9 –13 
 
Tab. 4.2: Deviations (mm w.e.) of annual glacier-wide surface mass balance according to model 
runs with varying snow-cover starting conditions. Snow depth is scaled linearly using six classes 
within the given ranges of altitude and snow depth. The snow-cover starting condition used for 
modelling is a snow depth of 0-500 mm w.e. scaled between 300 and 700 m a.s.l. 
 
Accumulation (c) is calculated as a proportion of solid precipitation (P) that is assumed to 
vary depending on the man air temperature (T) according to: 
 
 Pc =                                         for T > 2°C 
  (4.2) 
 
( )[ ]{ }
2
13tanh1 −⋅−⋅= TPc     for 0°C < T < 2°C. 
 
Equation 4.2 smoothly scales the proportion of solid precipitation between 100% (0°C) 
and 0% (2°C) as similarly suggested by Hantel et al. [2000] for the relation between 
monthly air temperature and snow cover duration.  
The temperature-index model was extended to a surface mass-balance model for GCN 
according to the method outlined in Braithwaite and Zhang [2000] on the basis of the 
2000DEM. The gaps within the 2000DEM were replaced by terrain elevations according 
to the corrected 1984DEM plus the mean glacier change that had occurred between 1984 
and 2000 (Fig. 4.6). The surface mass balance model was run using air temperature and 
precipitation records of an AWS operated approximately 3.5 km from the ice margin at 
Puerto Bahamondes (28 m a.s.l.) since October 1999 (Fig. 4.1, Schneider et al. [2003]). 
Mean air temperature at this station between September 2000 and August 2005 is 5.8°C 
and mean annual precipitation during the same period amounts to 4780 mm. The 
calculated annual surface mass balance for this period yields a reasonable 
-0.5±0.02 m w.e. a-1, since a general retreat of the outlet glaciers can be observed. 
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Fig. 4.7: Change of surface mass balance as a function of air temperature and precipitation offsets 
for degree-day factors fice = 6 mm w.e. K-1 (upper plot), fice = 7 mm w.e. K-1 (middle plot), and 
fice = 8 mm w.e. K-1 (lower plot). Corresponding values for fsnow are half the values of fice. Changes 
are given in mm w.e. a-1. The bold lines indicate the mean annual surface elevation change in the 
period 1984-2000 obtained from the DEM analysis. 
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The absolute values of calculated surface mass balances are subject to many uncertainties 
and are not of importance in the context of this paper. However, systematic variations of 
precipitation and air temperature inputs to the surface mass-balance model yield reliable 
estimates of relative surface mass-balance changes as induced by different climate forcing 
scenarios. By modifying air temperature and precipitation input data of the model within 
a given range of offsets, i.e. ±2 K for air temperature and ±20% for precipitation, a matrix 
of the resulting changes of surface mass balance compared to a balanced glacier-wide 
surface mass balance was obtained (Fig. 4.7). In order to consider the sensitivity of the 
surface mass-balance model to inaccuracies of the degree-day factors, additional model 
runs are performed with fice set to 6 and 8 mm w.e. K-1 day-1 and fsnow set to 3 and 
4 mm w.e. K-1 day-1 (cf. Sect. 4.1.3). Results are then compared to the mean annual 
surface elevation change derived from the DEM analysis. Both methodical approaches, 
i.e. modelling and DEM analysis, treat the ice cap as a closed system including any 
dynamic adjustment of the ice body and do thus result in glacier-wide mean values. By 
interpolating the data within the matrices (Fig. 4.7) it was therefore possible to identify all 
combinations of air temperature and precipitation offsets that could have led to the mean 
annual surface elevation change (-0.35±0.16 m w.e. a-1, cf. bold lines in Fig. 4.7) that was 
obtained from the DEM analysis. 
 
4.1.3 Discussion 
The response time of GCN can expected to be relatively short due to the high ablation 
rates at the tongues of the outlet glaciers [Jóhannesson et al., 1989]. Therefore, we 
assume that the adjustment of the ice cap to climate variability has no pronounced long 
term memory. Most of the effects revealed within the observation period of 16 years are 
driven by concurrent climate variability because the observation period exceeds the 
estimated response time. Nevertheless, it cannot be ruled out that the observed changes 
are partly due to dynamic adjustment to climate variability during the preceding decades. 
The altitude dependency of the glacier change and the contrast between absolute gain and 
absolute loss of ice masses at different altitudes suggest a complex climate change 
forcing. To analyse and demonstrate the sensitivity of the ice cap to possible climate 
changes, the effects of nine different climate change scenarios on the glacier body are 
expressed by the resulting modelled surface mass-balance profiles (Fig. 4.8). 
Figure 4.8 illustrates that each set of scenarios with equal temperature offsets shows a 
strong correlation within the ablation area, and a decreasing correlation with altitude 
throughout the accumulation area. Using these sets of scenarios it could be revealed that 
the more positive the underlying temperature offset is the greater is the correlation within 
the ablation area. In marked contrast to that, the sets of scenarios with equal precipitation 
offsets show a weak correlation within the ablation area, but an increasing correlation 
with altitude. In the upper parts of the accumulation area an obvious correlation within 
each set of scenarios of equal precipitation offsets exists. Therefore, it could be assumed 
that the surface mass balance of the lower parts of the ice cap is almost exclusively 
sensitive to changes in air temperature, and thus ablation. The observed loss of ice in the 
lower parts could be regarded as entirely induced by warming, which in the context of 
this study is expressed by a positive temperature offset. Correspondingly, the uppermost 
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parts of the ice cap show a surface mass balance that is prevailingly sensitive to changes 
in precipitation. Therefore, the observed thickening has to be considered as a result of 
likewise increased precipitation as expressed by a positive precipitation offset. 
 
Fig. 4.8: Sensitivity of the surface mass-balance profile of GCN to varying combinations of air 
temperature and precipitation offsets. 
 
Quantification of the temperature and precipitation offsets at first requires consideration 
of the influence of increased precipitation on the upper central parts of the ice cap. Due to 
the rather high air temperature minor snowmelt events do frequently occur even at high 
altitudes. This leads to a fast densification of snow and firn, so that no pronounced 
interannual differences within the stratification of the snow pack and the overall depth of 
the snow pack are assumed. Hence, an increase of surface elevation is attributed rather to 
an increase of ice thickness or heavily compressed firn than to an increase of snow depth. 
Moreover, a seasonal effect in snow depth can be ruled out because both data sets were 
acquired in late summer and mean monthly precipitation at GCN is almost uniformly 
distributed throughout the year [Schneider et al., 2003]. However, interannual variability 
that adds to “real” long-term changes cannot be ruled out completely, although the 
observed changes are much greater than any reasonable year-to-year change in snow 
accumulation. 
From the surface mass-balance profiles (Fig. 4.8) an increase of net accumulation of 
approximately +1.7-2.1 m w.e. a-1 for a positive precipitation offset of 25% can be 
derived for the uppermost parts of the ice cap. The actual mean thickening within these 
areas in the period 1984-2000 amounts to 0.5-0.6 m w.e. a-1 according to the DEM 
analysis. By relating these two facts to each other, and by assuming that the occurred 
thickening in the central parts of the ice cap was caused exclusively by increased 
accumulation, the equivalent positive precipitation offset amounts to 7-8%. However, this 
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view on the occurred glacier change is only applicable as long as the glacier is treated as a 
static ice body without any inherent flow dynamics. The thickening of 0.5-0.6 m w.e. a-1 
has thus to be treated as a minimum value of occurred glacier change because even in the 
centre of the ice cap the occurring ice flow had to have thinned the ice masses at least 
slightly. Therefore, the increase of precipitation that must have occurred within the years 
1984-2000 probably slightly exceeded the effects of a precipitation offset of 7-8%. The 
theoretically possible combinations of air temperature and precipitation offsets that could 
have led to the observed surface mass-balance rate of -0.35±0.16 m w.e. a-1 (Fig. 4.7) 
imply that for the same period a temperature trend equivalent to an offset of about 0.3 K 
must have been present. Model sensitivity to varying values of f is negligible. 
Furthermore, the influence of the varying starting conditions regarding snow cover 
(±0.02 m w.e. a-1) is of minor importance. 
The result suggests a climate change that corresponds to other findings regarding air 
temperature and precipitation trends in southernmost South America. Air temperature 
data from weather stations (Islotes Evangelistas, Punta Arenas Jorge Schythe and Punta 
Arenas Aeropuerto) located at approximately the same latitude show positive trends for 
the end of the last century of around +0.3 K per decade. A similar magnitude of warming 
is given by Rosenblüth et al. [1997] for Punta Arenas for the second half of the 20th 
century. Since this study covers a period of 16 years (1984-2000), this increase would be 
sufficient to produce the effects of a temperature offset of about +0.3 K. 
The inferred increase of precipitation is also supported by measured data [e.g. Casassa et 
al., 2002b; Rosenblüth et al., 1995]. However, in contrast, the prevailing ENSO warm 
phases since the mid-1970s and the correlation with a decrease of precipitation on the 
west coast of southern Patagonia at 53°S could also suggest a negative precipitation trend 
[Daniels and Veblen, 2000; Schneider and Gies, 2004]. However, it must be taken into 
consideration that the influence of the ENSO on precipitation in this part of Patagonia is 
weak and can easily be masked by other effects such as, for example, a change in the 
strength of the westerlies [Turner, 2004]. The strength of the westerlies determines 
precipitation sums on the windward side of the Andes because their strengthening would 
result in an increase of orographic precipitation. Marshall et al. [2004] show that the 
SAM was subject to a positive trend since the mid-1960s until 2000. This implies an 
increase in the strength of the westerly winds throughout these latitudes. Therefore, an 
increase in precipitation at the end of the last century can most likely be attributed to a 
strengthening of the westerlies represented by a positive trend of the SAM. The derived 
results of a temperature offset of +0.3 K and a precipitation offset of +7-8% can be 
consistently attributed to a moderate warming trend in southernmost South America 
combined with a positive precipitation trend as reflected in the positive trend of the SAM. 
 
4.1.4 Conclusion 
The volumetric glacier change of GCN was calculated from two different DEM. In the 
period 1984-2000 the ice cap showed a mean glacier-wide thinning rate of 
-0.35±0.16 m w.e. a-1 with considerable decrease in ice volume at lower altitudes and a 
small increase throughout the uppermost central parts. 
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An approach has been introduced to link glacier-wide geodetic mass balances to an 
underlying climate forcing by using surface mass-balance modelling. A set of glacier-
wide surface mass-balance changes referring to varying combinations of air temperature 
and precipitation offsets was calculated. By this means the sensitivity of GCN to air 
temperature and precipitation perturbations was derived. 
Results reveal that the glacier changes of GCN can be attributed to the combined effects 
of general warming and increased precipitation. The overall volume loss was linked to a 
climate forcing comparable to a precipitation offset of at least +7-8% combined with an 
air temperature offset of at least +0.3 K starting from theoretical equilibrium conditions. 
This result is in good agreement with observed climate change in southernmost South 
America. It is concluded that this approach successfully connects the observed glacier 
changes of GCN in 1984-2000 with the climate trends prevailing in Patagonia over this 
period. 
 
4.1.5 Reassessment according to new findings 
The presented analysis was partly based on the SRTM DEM. In the workflow of this 
analysis an elevation dependent correction of the SRTM elevations was applied as 
suggested by Berthier et al. [2006]. 
After the completion and publication of the presented study [Möller et al., 2007], 
considerable disagreement has arisen about whether there is an elevation dependent bias 
in the SRTM DEM or not and whether it has to be corrected in calculations of volumetric 
glacier changes if it exists. Different studies led to different findings regarding this matter 
[e.g. Berthier et al., 2006; Larsen et al., 2007; Paul and Haeberli, 2008; Schiefer et al., 
2007; VanLooy and Forster, 2008]. Finally, Paul [2008] presented a possible explanation 
on the nature of this bias. Mountainous terrain tends to have a more pronounced relief 
with increasing elevation; it forms ridges and peaks with steep slopes. These sharp forms 
are frequently underestimated by coarse-resolution DEM. In contrast, finer-resolution 
DEM are able to represent such structures more accurately. Therefore, a comparison of 
two DEM with different spatial resolution, i.e. cell size, leads to increasing biases in the 
uppermost terrain regions when analysing non-glacierized surfaces. However, for glacier 
covered alpine terrain the effect is less pronounced. Ice covered mountain terrain usually 
occurs at less steep slopes where even a coarse-resolution DEM is able to capture the 
relief adequately. This marked morphological contrast between glacierized and non-
glacierized terrain implies that it is impossible to assign a bias found in either of them to 
the respective counterpart. 
The GCN is situated in the fjord-dominated region of the southern Chilean Andes 
covering an area of more than 190 km². Its morphology is almost exclusively dominated 
by a large, smoothly shaped ice plateau with several outlet glaciers reaching down to sea 
level. Hence, the situation is nearly opposite to alpine terrain: steep slopes are found at 
low elevations and gentle slopes dominate the highest elevations. For that reason the bias 
found in the previously presented study shows inverse characteristics when compared to 
the one described by Berthier et al. [2006] for alpine terrain. Due to its morphological 
characteristics the majority of the ice covered area of GCN could be represented by both, 
a coarse- or a fine-resolution DEM with almost equal quality. Possible differences might 
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only arise within the steep parts forming the transition zone between the rather flat ice 
plateau and the likewise flat outlet glacier tongues. Nevertheless, when calculating the 
volumetric glacier change of GCN, a correction of the assumed elevation dependent bias 
of the SRTM DEM based on the morphologically different non-glacierized terrain as 
suggested by Berthier et al. [2006] was applied in the original study. Thus an artificial 
error was introduced in the derived elevation changes of the ice cap. 
 
 
Fig. 4.9: Surface-elevation changes of GCN in 1984-2000. Light-grey colours throughout the 
glacier area represent data voids in the 1984 DEM. Dark-grey shading represents the sea surface. 
Contour spacing is 250 m. Coordinates correspond to UTM zone 18S. 
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In the light of the new findings of Paul [2008] a reassessment, i.e. correction of the 
calculations of the original study has to be carried out. For the renewed analysis the 
formerly used version of the SRTM DEM was substituted by its latest release (SRTM 
version 4) and the employed technique for co-registration of the two DEMs was changed. 
It was now done using a standard technique instead of the originally applied exposition 
dependent terrain elevation correction. The entire 1984DEM was shifted until it properly 
matched its year 2000 counterpart, i.e. the RMS error between both DEMs was 
minimised. All other processing steps were carried out following the methodical 
workflow described in Section 4.1.2. The obtained hypsometry of glacier surface 
elevation changes (Fig. 4.9) was again approximated by a polynomial fit (R²=0.92). From 
this fit an estimated mean hypsometry of surface elevation changes was obtained. It 
serves for filling of areas of data voids in the 1984DEM in order to derive complete 
information about the occurred volumetric glacier change. 
 
Fig. 4.10: Hypsometry of glacier surface-elevation changes at GCN in 1984-2000 and polynomial 
fit used to fill data voids in the volumetric analysis. RMS errors (error bars) show an increase with 
terrain elevation. They thus reflect a decreasing pixel basis due to extensive data voids in the 1984 
DEM throughout the low-contrast regions of the ice plateau. 
 
The new results of DEM differencing (Fig. 4.9) support the overall glacier change pattern 
presented in the original study. A mean glacier thinning of 6.5±2.5 m corresponding to a 
mean annual thinning rate of 0.37±0.14 m w.e. a-1 was now derived for the 1984-2000 
period. This value is only slightly different from the previous estimate of 
0.35±0.16 m w.e. a-1. However, obtained absolute values along the glacier hypsometry 
differ noticeably as expected (Fig. 4.10). The outlet glacier tongues show considerably 
stronger thinning than previously assumed. A negative surface elevation change of almost 
50 m proved to extend up to elevations of 300 m a.s.l.. The former study obtained 
comparable values only at the lowermost parts of the tongues, well below 200 m a.s.l.. 
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Further up glacier the new results likewise reveal higher thinning rates as previously 
obtained. In contrast, the uppermost central parts of the ice cap show an even more 
pronounced thickening. Positive surface elevation changes are now calculated to reach up 
to 15.4 m implying a more than 50% larger thickening. The new results thus reveal a 
steeper gradient as derived from the original study. Based on the 1984 glacier area of 
GCN of 204.2 km² the new results equal a total mass loss of 1.2±0.5 km³ w.e. The 
climate forcing necessary to explain this glacier change of GCN could be attributed to be 
comparable to a combined precipitation and air temperature offset of +11% and +0.35 K 
from the climate conditions leading to an equilibrium surface mass balance. Thus, the 
previously estimated deviations of +7-8% and +0.3 K turned out to be considerably more 
pronounced in terms of precipitation offset. 
It is concluded that all general statements given in the original study still hold. However, 
quantitatively marked differences are observable especially regarding the accumulation in 
the uppermost parts of GCN. The results of the presented study strongly encourage 
potential future reassessments of past glacier change calculations that employed an 
elevation dependent correction of SRTM terrain data. 
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4.2 Surface mass balance evolution (1900-2100) and 
present climate sensitivity 
A temperature-index model extended for surface mass-balance calculations has been 
applied to derive the sensitivity of GCN to climate change. Seasonal sensitivity 
characteristics were computed using automatic weather station data gathered in the period 
2000-2005. Results indicate pronounced temperature sensitivity during the summer 
season with monthly values up to -0.27±0.01 m w.e. K-1. Monthly sensitivity to a 10% 
precipitation perturbation fluctuates around +0.03 m w.e. The obtained sensitivity 
characteristics were used to model the evolution of reference-surface surface mass-
balance of GCN during the 20th and 21st century based on monthly air temperature means 
and precipitation sums derived from bias corrected weather station data and statistically 
downscaled reanalysis and GCM data. Surface mass balance shows a persistently 
negative trend ranging from around +1 m w.e. a-1 at the beginning of the 20th century 
down to almost -1.5 m w.e. a-1 during the first years of the 21st century with only a few 
positive years occurring occasionally during the second half of the 20th century. The 
scenario for the end of the 21st century estimates around -4.5 m w.e. a-1. 
The content of this subchapter has been published by Möller and Schneider [2008] in 
Annals of Glaciology. It is reprinted with permission of the International Glaciological 
Society. 
 
4.2.1 Introduction 
The glaciated areas of Patagonia have been subject to intensive research during the last 
decades [e.g. Casassa et al., 2002a; Rivera et al., 2002]. Most of the glaciological and 
climatological studies have been focused on the large NPI and SPI. Accordingly, the 
recession of Patagonian glaciers during the 20th century is documented quite well in terms 
of both historical length fluctuations [e.g. Casassa et al., 1997; Warren et al., 1997; 
Raymond et al., 2005] and area or volume changes [e.g. Rignot et al., 2003; Rivera et al., 
2005, Rivera et al., 2007]. However, long-term surface mass-balance time series are rare 
around Patagonia and even the whole of southern South America. Naruse et al. [1997] 
modelled an ablation time series of Glaciar Perito Moreno (SPI) from temperature records 
of the nearby Argentine weather station Calafate for the period of 1962-1994. Stuefer et 
al. [2007] presented a complete mass balance time series of the same glacier for the 
second half of the 20th century. However, up to now neither a continuous 20th century 
surface mass-balance time series has been created for any ice cap or glacier in Patagonia, 
nor has a simulation of future surface mass-balance variations in response to global 
climate change been assessed. 
In this study a surface mass-balance model based on the degree-day method was used for 
the computation of ablation and accumulation employing a DEM of the glacier surface in 
2000 within the glacier surface extent of 1998 [Möller et al., 2007]. By driving this model 
with daily AWS data the seasonal sensitivity characteristics of GCN were computed 
according to Oerlemans and Reichert [2000]. The resulting seasonal sensitivity matrix 
(SSM) was used to perform the surface mass-balance reconstruction by employing a 
method presented by Oerlemans [2001]. 
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The aim of this study is to analyse the sensitivity of GCN to climate change and to derive 
a continuous surface mass-balance time series of GCN for the 20th and 21st century and an 
estimate of the associated volume loss.  
 
4.2.2 Data 
Several datasets covering different, partly overlapping time periods had to be used for this 
study. A dataset obtained from an AWS (named AWS GCN Puerto Bahamondes, cf. Fig. 
4.1) that was operated about 3.5 km from the ice margin of GCN at 28 m a.s.l. [Schneider 
et al., 2003] served as input for the SSM computation and as a local reference for 
statistical downscaling of the synoptic-scale climate data. It provides continuous daily air 
temperature and precipitation records covering the period of 09/2000-08/2005 (Fig. 4.11). 
Air temperature was measured with a combined air temperature and air humidity sensor 
at a precision of <0.1 K and precipitation with a tipping-gauge rain bucket at a precision 
of at least ±20% [Schneider et al., 2003]. 
 
Fig. 4.11: Monthly mean air temperature and precipitation sums of the AWS Puerto Bahamondes 
(cf. Fig. 4.1) for the period of 09/2000-08/2005. 
 
Surface mass-balance reconstruction for the first half of the 20th century employs a subset 
of the 1900-2001 temperature and precipitation records from the weather station Faro 
Evangelistas (WSFE), which is operated by the Chilean Navy on a coastal island at 
52°24’S, 75°06’W, ~50 m a.s.l. (Fig. 4.12). 
For reconstruction of the surface mass-balance time series covering the second half of the 
20th century we used gridded monthly mean 2 m air temperatures and monthly mean 
precipitation rate data from the NCEP/NCAR reanalysis (NNR) project [Kalnay et al., 
1996] covering the period of 1948-2006. Data were provided by the NOAA-CIRES 
Climate Diagnostics Centre, Boulder, Colorado (http://www.cdc.noaa.gov/). 
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Fig. 4.12: Location of NCEP/NCAR and HadCM3 grid points and of the WS Faro Evangelistas 
(FE) operated by the Chilean Navy. Grid point numbers correspond to numbers used in Table 4.3 
and Equations 4.4a/b. 
 
The estimate of the 21st century surface mass-balance time series is based on monthly 
mean 2 m surface air temperature and monthly precipitation sum grids [Lowe, 2005] of 
the Third UK Met Office Hadley Centre Coupled Ocean-Atmosphere GCM (HadCM3) 
provided by the UK Met Office Hadley Centre (Crown copyright 2005). Representing the 
scenario A2 of the Intergovernmental Panel on Climate Change (IPCC) Fourth 
Assessment Report (AR4) [Solomon et al., 2007], these datasets could be regarded as 
worst case climate forcing for glacier change. 
From both gridded data sets (NNR and HadCM3) we used subsets consisting of the four 
grid points located closest to GCN. An overview of their geographical coordinates and 
locations is shown in Table 4.3 and Figure 4.12. 
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Grid point no. NCEP/NCAR HadCM3 
1 52.38°S, 285.00°E 52.50°S, 285.00°E 
2 52.38°S, 286.88°E 52.50°S, 288.75°E 
3 54.28°S, 285.00°E 55.00°S, 285.00°E 
4 54.28°S, 286.88°E 55.00°S, 288.75°E 
 
Tab. 4.3: Coordinates of NCEP/NCAR and HadCM3 grid points used in this study. Grid point 
numbers correspond to labels used in Equations 4.4a/b and in Figure 4.12. 
 
4.2.3 Methods 
4.2.3.1 Downscaling of climate data 
The gridded NNR and global circulation model (GCM) datasets were statistically 
downscaled to fit local conditions at GCN by employing a method called ‘local scaling’ 
[Widmann et al., 2003; Salathé, 2005; Radić and Hock, 2006] and multiple regression 
analysis (cf. Subsect. 5.1.3.3). The WSFE dataset was fitted to local conditions at GCN 
only by ‘local scaling’. 
 
Fig. 4.13: Left side: mean seasonal cycles of air temperature and precipitation at the NNR and 
HadCM3 grid points (cf. Fig. 4.12, Tab. 4.3) before downscaling. Right side: mean seasonal cycles 
of air temperature and precipitation of NNR and HadCM3 data after downscaling. 
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‘Local scaling’ can be regarded as an adjustment of the synoptic-scale mean seasonal 
cycle to that of the local-scale cycle. In a first step both datasets were detrended to 
remove the linear part of the inherent long-term trends. Then, the mean seasonal cycles 
(Fig. 4.13) were calculated by employing the entire datasets in case of the synoptic-scale 
data. Regarding the local-scale data (AWS), the record of the first year was omitted for 
calculation of the mean seasonal cycle (Fig. 4.13) to perform downscaling over the same 
period as the calculation of the SSM. Afterwards, data were corrected according to the 
biases between the monthly values of the seasonal cycles of synoptic-scale air 
temperature (Tsyn,m) and precipitation (Psyn,m) data and the respective monthly values of the 
seasonal cycles of measurements at the AWS (Tref,m and Pref,m). Thus the data were 
‘locally scaled’. The various downscaled air temperature time series were calculated by 
adding monthly differences to the synoptic-scale data [Salathé, 2005], while the various 
downscaled precipitation time series were calculated by multiplying the synoptic-scale 
data with monthly proportions [Widmann et al., 2003] according to 
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with Ti,ds(n) and Pi,ds(n) representing downscaled air temperature and precipitation for the 
ith month of the time series of grid point n (Tab. 4.3, Fig. 4.12). Ti,syn,m and Pi,syn,m 
represent the respective synoptic-scale air temperature and precipitation, while the 
subscript m refers to the mth month within the respective mean annual cycle. 
Four-year subsets equivalent to the used period of the AWS record were created from 
these ‘locally scaled’ four NNR or HadCM3 grid points, which surround the GCN (Tab. 
4.3, Fig. 4.12). Based on these subsets a multiple regression analysis was performed to 
achieve the best fit combinations between the ‘local scaled’ data of the grid points and the 
detrended record of the AWS. The resulting transfer functions in general are given by 
 
  )4(,)3(,)2(,)1(,, dsiTdsiTdsiTdsiTTdsi
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and 
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with Ti,ds and Pi,ds being the result of the regression analysis. The coefficients (aT, …, eT 
and aP, …, eP) for both NNR and HadCM3 data are presented in Table 4.4. The transfer 
functions (Eqs. 4.4) were then applied to the entire ‘local scaled’ NNR or HadCM3 time 
series of the four grid points. Afterwards, the resulting time series for air temperature and 
precipitation were retrended to the mean of the original trends inherent in the respective 
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unchanged synoptic-scale datasets to obtain the final downscaled NNR or HadCM3 time 
series (Fig.4.14) used for surface mass-balance modelling (NNRds or HadCM3ds). 
 
Air temperature aT bT cT dT eT 
NCEP/NCAR -0.8218 0.7310 0.0203 -1.2851 1.6488 
HadCM3 0.6370 -1.5533 0.0252 0.7257 1.7760 
Precipitation aP bP cP dP eP 
NCEP/NCAR -29.8422 -0.5230 1.9693 -0.1923 -0.0838 
HadCM3 166.3990 0.5226 -0.0015 0.8254 -0.7848 
 
Tab. 4.4: Regression coefficients and intercepts of the transfer functions (Eqs. 4.4a/b) used for 
downscaling of NNR and HadCM3 data. 
 
 
Fig. 4.14: Downscaled mean annual air temperature and precipitation sum based on WSFE data 
(1900-1947), NNR data (1948-2006) and HadCM3 data (2007-2099). Annual values measured at 
the AWS Puerto Bahamondes (cf. Fig. 4.1) are shown as grey, solid circles. 
 
A ‘local scaling’ to adjust the detrended WSFE record to the detrended NNRds time series 
was performed to fit the WSFE record to local conditions at GCN. A subsequent 
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retrending as likewise done in case of the synoptic-scale data yielded the final ‘local 
scaled’ WSFE time series (Fig. 4.14) used for surface mass-balance modelling (WSFEls). 
The data period used for calculation of the biases between the two annual cycles needed 
for ‘local scaling’ is limited to 1948-1979 as the WSFE record features extensive data 
gaps and a conspicuous positive offset within the precipitation data in the 1980s. An 
adjustment using the AWS record as a reference for ‘local scaling’ was therefore 
inhibited by the lack of an overlapping period. The period of 1948-1979 is also 
characterised by various data gaps within the precipitation record. Since the ‘local 
scaling’ method is based on mean seasonal cycles the various resulting ‘locally scaled’ 
temperature and precipitation time series (Fig. 4.14) were nevertheless considered to be 
suitable for surface mass-balance modelling. 
 
4.2.3.2 Surface mass balance model 
The surface mass-balance model is based on a temperature-index model that employs the 
degree-day method [e.g. Ohmura, 2001; Hock, 2003]. The temperature-index model is 
extended to compute surface mass balance by employing a DEM [Braithwaite and Zhang, 
2000]. It calculates the ablation (a) and the accumulation (c) at a specific altitude (z) of 
the glacier surface (S) based on the positive mean daily air temperature (Ti), the daily 
solid precipitation sum (Pi), degree-day factors (f) for snow and for ice surfaces and a 
stochastic term (xi = 0 mm w.e. day-1) according to Baithwaite [1981] as: 
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Ablation is defined as negative in this respect. The surface mass balance at each point on 
the glacier surface is calculated as the sum of ablation and accumulation. The point 
balances are then integrated over the glacier surface to obtain the glacier-wide surface 
mass balance (B) according to: 
 
 ( )∫ +⋅=
S
zz dzcaS
B 1 .  (4.6) 
 
For computation of ablation, f is set to 7.0 mm K-1 day-1 in the case of ice surface (fice) and 
3.5 mm K-1 day-1 in the case of snow surface (fsnow) according to ablation stake 
measurements carried out on an easterly outlet glacier of the GCN, Glaciar Lengua, in the 
period 2000-2003 [Möller et al., 2007; Schneider et al., 2007b]. The temperature lapse 
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rate (-0.63 K (100 m)-1) and the increase in precipitation with altitude (5% (100 m)-1) are 
estimated from AWS measurements at different altitudes during the same period 
[Schneider et al., 2003]. A specific pattern of remaining snow cover from the previous 
winter season that starts with 0 m thickness at 300 m a.s.l. and increases to 0.5 m 
thickness at 700 m a.s.l. is used as a starting condition for the model. The transition from 
rainfall to solid precipitation at temperatures between 0°C and +2°C is modelled using a 
smoothing function. All parameters of this SMB model are described in detail in Möller 
et al. [2007] (cf. Eq. 4.2). 
 
4.2.3.3 Climate sensitivity characteristics 
 
 
Fig. 4.15: Seasonal sensitivity matrix for GCN computed from the 09/2000-08/2005 AWS record. 
Error bars reflect the combined uncertainties of surface mass-balance sensitivity due to variations 
of Toff and Poff (Eqs. 4.7a/b) and possible uncertainties inherent in the degree-day factors. 
 
The climate sensitivity of GCN was assessed using a method presented by Oerlemans and 
Reichert [2000]. The sensitivity of the glacier-wide surface mass balance to changes in air 
temperature and precipitation regimes in terms of monthly values was computed from the 
five-year data record of the AWS Puerto Bahamondes omitting the first year as a period 
of model spin-up. The resulting 2 by 12 SSM (Fig. 4.15) consists of coefficients for each 
month k that represent the change of the glacier-wide surface mass balance due to 
perturbations of air temperature (CT,k) and precipitation (CP,k). According to Oerlemans 
and Reichert [2000] the seasonal sensitivity coefficients are calculated as 
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with Tref and Pref being reference air temperature and precipitation time series belonging 
to a zero glacier-wide surface mass balance, Toff = 1 K a fixed air temperature offset and 
Poff = 10% a fixed precipitation offset. The reference air temperature time series Tref 
leading to a zero glacier-wide surface mass balance of GCN was achieved by adding a 
systematic offset of -0.648 K to the original air temperature time series. 
 
4.2.3.4 Modelling of surface mass balance 
According to Oerlemans [2001], the SSM described can be used to model the surface 
mass balance of a specific year (Bm) from the zero glacier-wide surface mass balance 
(Bref) achieved from the Tref and Pref reference air temperature and precipitation time series 
and the deviations of the actual surface mass balance from Bref (ΔBm) using monthly air 
temperature and precipitation anomalies as: 
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Thus, the annual values of ΔBm needed for surface mass-balance reconstruction are 
obtained by summing up the respective monthly values. The associated annual volume 
changes are calculated by integrating Bm over the glacier surface. As all calculations of 
glacier-wide surface mass balance (Eqs. 4.5-4.9) refer to the fixed 1998 glacier area, a 
time series of reference-surface balance is obtained. 
 
4.2.4 Error consideration 
4.2.4.1 Seasonal sensitivity matrix 
For assessment of the errors inherent in the method used, the uncertainties of the SSM 
have first to be considered. To do so the coefficients CT,k and CP,k were computed using a) 
varying air temperature and precipitation perturbations during matrix calculation and b) 
varying degree-day factors in the surface mass-balance model to analyse the impact of 
uncertainties in model calibration. 
a) Sensitivity characteristics were computed additionally with values for Toff of 
±0.5 K and ±1.5 K and values for Poff of ±5% and ±15% with the respective 
results being converted to ±1 K and ±10% equivalents for comparison with the 
original SSM. This yielded maximum monthly changes of 3.4% for temperature 
and 0.7% for precipitation sensitivity (Fig. 4.15). The absolute annual error range 
for air temperature sensitivity thus amounts to ±0.03 m w.e. K-1 a-1 while the 
absolute error range for precipitation sensitivity proved to be completely 
negligible. 
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b) Furthermore, the entire SSM was computed using degree-day factors 
fice = 6.0 mm K-1 day-1 and 8.0 mm K-1 day-1 and degree-day factors 
fsnow = 3.0 mm K-1 day-1 and 4.0 mm K-1 day-1, respectively. The results yielded a 
maximal monthly change in air temperature sensitivity of 9.8% while monthly 
precipitation sensitivity changed by not more than 4.2% (Fig. 4.15). These added 
up to absolute annual error ranges of ±0.17 m w.e. K-1 a-1 for air temperature 
sensitivity and ±0.01 m w.e. a-1 per 10% precipitation perturbation for 
precipitation sensitivity. 
According to these findings, the resulting overall annual error range relevant for surface 
mass-balance modelling depends on the difference between the climate conditions in the 
modelled year and the annual reference climate used for calculation of the SSM. Hence, 
an air temperature induced error range of ±0.20 m w.e. per 1 K difference and a 
precipitation induced error range of ±0.01 m w.e. per 10% difference must be taken into 
consideration. 
 
4.2.4.2 Downscaling of climate data 
To derive the accuracy and quality of the statistical downscaling process and thus the 
climate data used for surface mass-balance modelling, two time series (NNRds and 
HadCM3ds) were compared with the measured air temperature and precipitation record 
from the AWS (Fig. 4.11) and one time series (WSFEls) was compared with NNRds. 
Correlations and explained variances were calculated and tested on significance. The 
reduction of the significance levels due to auto correlation was taken into account. The 
results (Tab. 4.5, Fig. 4.13) indicate a very good performance of the downscaling method 
used as, for example, the various downscaled air temperature time series show explained 
variances of up to 94% (NNRds) and even the synthetically generated precipitation time 
series of the HadCM3 accounts for an explained variance of 19% after the downscaling. 
Moreover, all correlations are highly significant on the 99.5% level so that all climate 
data used (Fig. 4.14) could be regarded to be a suitable basis for surface mass-balance 
time series modelling. 
 
Period 09/2001-08/2005 09/2001-08/2005 01/1948-12/1979 
NNRds / AWS HadCM3ds / AWS WSFEls / NNRds 
Datasets 
T P T P T P 
N 48 48 48 48 384 304 
R² 0.94 0.52 0.84 0.19 0.94 0.33 
Significance level 99.9% 99.9% 99.9% 99.5% 99.9% 99.9% 
 
Tab. 4.5: Key values of error analysis regarding the results of climate data downscaling. T and P 
represent air temperature and precipitation, respectively. N is the number of months in the time 
series. The given significance levels account for reduction due to auto correlation. 
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4.2.4.3 Modelled surface mass balance 
 
Fig. 4.16: Comparison between monthly SMBNNR,ds, SMBHadCM3,ds and SMBref in the period 
09/2000-08/2005. 
 
According to the three different time periods of climate data (Fig. 4.14), the error analysis 
regarding the modelled surface mass-balance time series has to consider three different 
sub-time series, each modelled with the method described by Oerlemans and Reichert 
[2000]. The first (SMBNNR,ds) is based on the NNRds dataset, the second (SMBHadCM3,ds) on 
the HadCM3ds dataset and the third (SMBWSFE,ls) on the WSFEls dataset. 
 
Period 09/2001-08/2005 09/2001-08/2005 01/1948-12/1979 
SMB time series NNRds / AWS HadCM3ds / AWS WSFEls / NNRds 
N 48 48 304 
R² 0.85 0.79 0.80 
Annual RMS error 0.57 0.63 1.03 
Significance level 99.9% 99.9% 99.9% 
Mean annual offset  +0.28 +0.26 -0.04 
 
Tab. 4.6: Error analysis regarding the surface mass-balance modelling. Annual RMS error is based 
on annual surface mass balances of all complete years within each period. N is the number of 
months in the time series. Annual RMS errors and mean annual offsets are given in m w.e. The 
given significance levels account for reduction due to auto correlation. 
4 STUDIES AT GRAN CAMPO NEVADO  49 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
To obtain uncertainties and error ranges of SMBNNR,ds and SMBHadCM3,ds these two time 
series were compared with a reference time series of surface mass-balance (SMBref) 
obtained by directly driving the surface mass-balance model with the daily records of the 
AWS for the period of 09/2000-08/2005 (Fig. 4.16). However, the first year of SMBref 
was omitted as a period of model initialisation. For assessment of uncertainty and error 
range of SMBWSFE,ls a comparison with SMBref was not possible due to lack of 
overlapping data. Hence, the comparison was performed with SMBNNR,ds. During error 
analysis, correlations and explained variances were calculated and tested on significance 
accounting for reduction due to auto correlation. Results (Tab. 4.6) indicate a good 
performance of the modelling procedure used, with highly significant correlations of up 
to r = 0.92 (R² = 0.85). The associated annual RMS errors (Tab. 4.6) were taken as error 
ranges of the modelled surface mass-balance time series. The small systematic offsets, 
which appear between the two NNRds and HadCM3ds based surface mass-balance time 
series and SMBref as well as between the WSFEls based time series and SMBNNR,ds (Tab. 
4.6), were taken as additional error ranges of the modelled surface mass-balance time 
series (Fig. 4.17). 
 
Fig. 4.17: Modelled surface mass-balance time series according to WSFEls, NNRds and HadCM3ds. 
Surface mass balances obtained by directly driving the model with AWS data are printed as grey, 
solid circles. 
 
The overall annual error range (Fig. 4.17) is composed by the annual RMS error, the 
annual mean offset and a climate dependent error range (ecd) induced by the uncertainties 
of the SSM (cf. Subsection 4.2.4.1). It amounts to 2.49+ecd m w.e. (1900-1947), 
1.44+ecd m w.e. (1948-2006) and 1.25+ecd m w.e. (2007-2099). 
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4.2.5 Results and discussion 
4.2.5.1 Climate sensitivity 
Generally, there are two aspects within the analysis of the climate sensitivity of surface 
mass balance. The first aspect is given by the variations of annual glacier-wide surface 
mass balance induced by air temperature and or precipitation change forcing, which in 
this paper were obtained by surface mass-balance modelling as presented in Möller et al. 
[2007] (cf. Subchapt. 4.1). The second aspect comprises the seasonal differences of 
climate sensitivity that are analysed using seasonal sensitivity characteristics [Oerlemans 
and Reichert, 2000]. 
 
Fig. 4.18: Deviation of annual surface mass balance from its mean value in 09/2000-08/2005 
(-502 mm w.e. a-1) according to the given climate change forcing. Deviations were given in 
mm w.e. a-1. They are calculated by adding the given air temperature and precipitation offsets to 
the 09/2000-08/2005 AWS record serving as input for surface mass-balance modelling (altered 
from Möller et al. [2007], cf. Fig. 4.7). 
 
Findings of Möller et al. [2007] show, that the air temperature sensitivity of GCN is 
much higher than its precipitation sensitivity. This is indicated by the steep gradient of the 
surface mass-balance deviations for different air temperature and precipitation offsets 
(Fig. 4.18). To achieve the same change in surface mass balance as induced by a small air 
temperature perturbation of ±0.5 K, precipitation would have to vary by about ±25%. The 
surface mass-balance values associated with such changes are presented in Table 4.7. An 
air temperature increase of +0.5 K would alter the glacier-wide surface mass-balance rate 
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of GCN of the period 09/2000-08/2005 (-0.50±0.15 m w.e. a-1) to a value of 
-1.54 m w.e. a-1, whereas a minor precipitation change of -5% would only shift this value 
to -0.69 m w.e. a-1 (Tab. 4.7). From Figure 4.18 it can be seen that the dominance of air 
temperature sensitivity of GCN would increase in a warmer and more humid climate and 
would decrease in colder and drier climate settings. Therefore, the dominance of air 
temperature sensitivity will increase whatever precipitation trend evolves during the 
oncoming decades because of the persistently positive temperature trend shown in Figure 
4.14 [Solomon et al., 2007]. Thus, even any possible future increase in precipitation in the 
summit regions due to enhanced westerly air flow [Marshall et al., 2004; Möller et al., 
2007), which would lead to an increase of orographic precipitation, would not be 
sufficient to counteract the negative effect caused by ongoing climate warming. 
 
 -1.0 K -0.5 K unchanged +0.5 K +1.0 K 
+25% 2491 1487 422 -705 -1892 
+10% 1828 879 -131 -1204 -2339 
+5% 1606 675 -316 -1371 -2489 
unchanged 1384 471 -502 -1540 -2641 
-5% 1161 266 -688 -1708 -2793 
-10% 937 61 -875 -1878 -2946 
-25% 263 -559 -1442 -2393 -3412 
 
Tab. 4.7: Glacier-wide annual surface mass balances according to given air temperature and 
precipitation offsets. Surface mass balances are given in mm w.e. a-1. They are calculated by 
adding the given air temperature and precipitation offsets to the 09/2000-08/2005 AWS record that 
serves as input for surface mass-balance modelling. 
 
The results underline the extreme climate setting of the GCN. Braithwaite and Zhang 
[1999] obtained surface mass-balance change rates for 37 glaciers from all over the world 
between 0.10 and 1.30 m w.e. a-1 K-1 and Yongijan et al. [1999] derived a comparable 
mean surface mass-balance change rate of 0.80 m w.e. a-1 K-1 from measurements at 40 
different glaciers. In contrast, the GCN shows a surface mass-balance change rate of up to 
2.10 m w.e. a-1 K-1. 
These findings are supported by the SSM obtained for GCN (Fig. 4.15) based on the 
09/2001-08/2005 AWS record. The maximum monthly sensitivity of glacier-wide surface 
mass balance to air temperature perturbations is almost 7 times higher than the maximum 
monthly sensitivity to precipitation perturbations. Maximum air temperature sensitivity is 
reached during summer (-0.27±0.01 m w.e. K-1 in January), with a further occurrence of 
maximum values extending through early autumn. Sensitivity to ±10% precipitation 
perturbation shows no pronounced annual cycle and never amounts to more than 
+0.04 m w.e. (November). Even if the high temperature sensitivity should partly be due 
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to the fact that a degree-day method based surface mass-balance model was used for 
computation of the SSM, the prevailing sensitivity to temperature is still obvious. 
The absolute values characterising the maximum temperature sensitivity of GCN during 
the summer months exceed, for example, comparable values for the strongly maritime 
Franz-Josef Glacier (New Zealand) by approximately 50% while winter minimum values 
are not even as high as those of the Franz-Josef Glacier [Oerlemans and Reichert, 2000]. 
Thus, the annual cycle of temperature sensitivity at GCN is distinctly more pronounced 
than the cycle at Franz-Josef Glacier. This and the fact that during the winter months 
considerable temperature sensitivity even exists at all, document the highly maritime 
climate setting of the GCN. The balanced precipitation sensitivity testifies the year-round 
high precipitation sums along the west coast of the southernmost Andes [Schneider et al., 
2003]. 
 
4.2.5.2 Surface mass-balance evolution 
Climate data of the WS Faro Evangelistas, NNR and HadCM3 runs were used to 
reconstruct the past and predict the future evolution of glacier-wide surface mass-balance 
of GCN. The changeover dates between the three underlying surface mass-balance time 
series were set to 1947/48 and 2006/07, respectively, thus using the highest quality (Tab. 
4.6) SMB time series (SMBNNR,ds) as long as possible. The results indicate a persistently 
negative general trend in the evolution of surface mass balance of GCN during the period 
1900-2099 (Fig. 4.17). 
 
Fig. 4.19: Cumulative ice-volume changes of GCN in 1900-2099 in km3 calculated from the 
surface mass-balance time series (Fig. 4.17) and the fixed 1998 glacier area (Fig. 4.1). 
 
During the first three decades of the 20th century the time series starts with positive 
annual surface mass-balance rates of up to +1.6±1.9 m w.e. a-1 with an interim great 
decrease to slightly negative rates at around 1915. Afterwards, the surface mass-balance 
4 STUDIES AT GRAN CAMPO NEVADO  53 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
time series starts to tend downwards persistently leaving the positive region and the 
period of mass gain in the 1930s (Fig. 4.17). However, in the 1950s and during the last 15 
years of the century a few slightly positive mass-balance years do still occur. The positive 
surface mass-balance rates prevailing during the first part of the 20th century lead to a 
persistent growth of the ice volume of GCN while showing decreasing growth rates with 
time. Glacier-wide surface mass balance becomes prevailingly negative after 1930 and 
the volumetric evolution of GCN turns to a consistent mass loss. With a continuing 
negative surface mass-balance trend, the former mass gain finally disappeared by around 
1960 (Fig. 4.19). During the first years of the 21st century the status of surface mass 
balance of GCN is roughly the opposite of the conditions present around 100 years 
earlier; glacier-wide surface mass balance rates have decreased to a mean of 
-1.0±1.0 m w.e. a-1 (Fig. 4.17). 
Moraine-dating by Koch and Kilian [2005] and a glacier inventory by Schneider et al. 
[2007b] using air-borne photography taken in 1942 show that up to now the outlet 
glaciers of GCN have retreated considerably from the latest terminal moraines, which 
formed in 1941 according to Koch and Kilian [2005]. These findings coincide with the 
highly positive surface mass-balance rates that occurred until the mid 1920s (Fig. 4.17), 
when the response time estimate of 15±10 years obtained for GCN by Schneider et al. 
[2007b] is taken into account. However, the surface mass-balance calculations performed 
in this study are based on the fixed 1998 glacier surface extent (cf. Fig. 4.1) of 199.5 km² 
[Schneider et al., 2007b] and thus neglect the effects of any decline in the ice covered 
area during the 20th century. The obtained result is thus a reference-surface surface mass-
balance time series. Therefore, it must be taken into account that the reconstructed surface 
mass-balance rates of past decades are characterized by an overestimation when 
compared to the conventional surface mass balance. This is because the calculation does 
not include vast areas of glacier surface located within the ablation zone and does thus not 
account for the larger glacier-wide ablation. 
In the 21st century a climate forcing according to scenario A2 of the IPCC AR4 [Solomon 
et al., 2007] would intensify the negative trend. Consequently, for the last decade of the 
21st century glacier-wide surface mass-balance rates of -4.3±1.4 m w.e. a-1 with single 
values even exceeding -5.0±1.5 m w.e. a-1 (Fig. 4.17) is predicted. This implies that by 
2099, taking 1900 as a reference, GCN would have lost about 58.7±56.9 km³ of its ice 
masses (Fig. 4.19). The estimate of sea level rise associated with this mass loss amounts 
to 0.16±0.16 mm. 
Since the glacier area will definitely become smaller during the 21st century as suggested 
by the positive future temperature trend predicted by the IPCC AR4 [Solomon et al., 
2007], the estimation of surface mass balance during future decades is characterized by 
an underestimation (when compared to the conventional surface mass balance) due to the 
inclusion of high ablation values at low-altitude glacier surfaces that actually will already 
have vanished by that time. This effect might be partly compensated by the fact that 
climate warming will most probably increase the sensitivity of surface mass balance of 
GCN to air temperature perturbations. This in turn would lead to increased overall 
ablation. The uncertainty induced by these two factors is not exactly quantifiable unless a 
fully dynamic mass-balance model is used. At this stage it can only be concluded that the 
presented surface mass-balance rates have to be regarded as an upper limit in the past and 
a lower limit in the future. The employment of GCM output representing a future climate 
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forcing according to scenario A2 [Solomon et al., 2007] for surface mass-balance 
modelling adds to this conclusion. As this scenario describes a worst-case future for the 
perpetual existence of glaciers, the actual future surface mass-balance evolution of GCN 
might also show a less negative trend. Accordingly, the overall trend in the 200-year 
evolution of surface mass balance of GCN must probably be corrected towards a smaller 
temporal gradient. 
 
4.2.6 Conclusion 
The sensitivity of GCN to climate change proves to be very high (Fig. 4.15) even when 
compared to other maritime glaciers [Oerlemans and Reichert, 2000]. This underlines the 
highly maritime climate setting of the ice cap. Present air temperature sensitivity proves 
to be as high as -0.27±0.01 m w.e. K-1 during the summer season and shows a high 
seasonality with distinctly lower values throughout the winter months. Precipitation 
sensitivity shows no pronounced annual cycle. Values fluctuate around +0.03 m w.e. This 
documents constantly humid conditions throughout the year. As the dominance of the air 
temperature sensitivity of GCN over its precipitation sensitivity tends to increase with 
climate warming (Fig. 4.18) it will most probably consolidate or even increase in the 
future. Thus, it can be stated that the recession of the outlet glaciers of GCN that has 
already been observable during the 20th century will most probably accelerate during the 
21st century even if the precipitation regime would show increasing snowfall in the 
accumulation area. 
A persistently negative trend is present in the 200-year evolution of glacier-wide surface 
mass balance of GCN. It shows annual rates decreasing from up to +1.6±1.9 m w.e. a-1 at 
the beginning of the 20th century to -1.0±1.0 m w.e. a-1 in recent years and down to 
distinctly less than -4.0±1.4 m w.e. a-1 at the end of the 21st century (Fig. 4.17). At the end 
of the period 1900-2099 GCN will thus have lost an ice volume of 58.7±56.9 km³ (Fig. 
4.19). 
However, it must be borne in mind that the results obtained represent reference-surface 
balances rather than conventional ones. The scenario for the 21st century presented in this 
study should be regarded as the largest possible glacier change and thus as the most 
negative limit of future surface mass-balance and ice-mass evolution of GCN. 
Future work will have to include glacier area change in the modelling scheme in order to 
include past and probable future changes in the ice-covered area in order to account for 
the overestimation of future losses in ice volume. Additionally, different climate forcing 
aside from the scenario A2 will have to be considered for modelling the possible range of 
future surface mass balance.2 
                                                           
2 All of these tasks are picked up and accomplished in the third Patagonian study (Subchapt. 4.3). 
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4.3 Calibration of glacier volume-area relations from 
surface extent fluctuations and its application to future 
glacier change – a case study at ‘Glaciar Noroeste’ 
The volume and area-change evolution of glaciers can be obtained by employing the 
volume-area scaling approach during mass-balance modelling. This method usually 
requires information on the initial surface area and ice volume to adjust the volume-area 
relation to the specific ice body. However, absolute volumetric data on glaciers are very 
rare, and therefore the applicability of volume-area scaling is limited. In order to use 
volume-area scaling on glaciers for which only limited information is available, a new 
method is presented to calibrate the volume-area relation without prior knowledge of this 
relation by using glacier extent information from different dates. To validate the method 
and illustrate its feasibility, the range of probable future changes in ice volume and 
surface area of Glaciar Noroeste, an outlet glacier of GCN, is modelled. The 21st century 
study is based on the IPCC SRES scenarios B1 and A2. 
The content of this subchapter has been published by Möller and Schneider [2010a] in 
Journal of Glaciology. It is reprinted with permission of the International Glaciological 
Society. 
 
4.3.1 Introduction 
The evolution of glacier volume and area can be estimated by employing the volume-area 
scaling approach [Bahr et al., 1997] during surface mass-balance modelling [e.g. Radić 
and Hock, 2006; Van de Wal and Wild, 2001]. If the studied glacier or ice cap is not in 
steady state, this method requires information on the initial surface area and ice volume to 
adjust the volume-area relation to the specific ice body [e.g. Radić and Hock, 2006]. 
However, as absolute volumetric data on glaciers and ice caps are very rare the 
applicability of volume-area scaling is limited. Data regarding glacier area are available 
much more readily. 
In this paper we present a new method to calibrate the volume-area relation applied in 
volume and area change modelling on the basis of areal data only and no absolute 
volumetric data. This makes it possible to extend the use of volume-area scaling to less 
intensively studied glaciers. 
To calibrate the volume-area relation it is necessary to know the surface areas at different 
dates in combination with the surface topography at the first date. An SMB model 
extended to incorporate changing glacier area by using the volume-area scaling approach 
is repeatedly run over the calibration period. The volume-area relation implemented in the 
model is then changed until the calculated surface area evolution reaches the best possible 
approximation of observed glacier changes. 
The method was applied to an outlet glacier of GCN, unofficially named Glaciar 
Noroeste (GN, Figs. 2.2 and 4.20) [Schneider et al., 2007b]. Its volume-area relation was 
calibrated employing known glacier surface extents from 1984, 1986, 1998, 2002 and 
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2007. The derived volume-area relation was used to estimate future volume and area 
changes of GN by employing statistically downscaled GCM data. 
 
Fig. 4.20: Location of Glaciar Noroeste and overview of its different glacier extents. Coordinates 
correspond to UTM zone 18S. Contour spacing is 100 m. Dark grey shading represents the sea. 
 
Recent mass balance and glacier change throughout Patagonia have been studied 
intensively during the last decades [e.g. Casassa et al., 2002; Rignot et al., 2003; Rivera 
et al., 2002; Stuefer et al., 2007]. Most of the studies focused on NPI and SPI. There are 
few studies of smaller glaciers of Patagonia and Tierra del Fuego. The regional focus is 
placed on Cordillera Darwin [e.g. Porter and Santana, 2003], the Cordillera Fueguina 
Oriental on Tierra del Fuego [e.g. Strelin and Iturraspe, 2007] and GCN in southernmost 
Patagonia [e.g. Möller et al., 2007; Schneider et al., 2007a; Schneider et al., 2007b; 
Möller and Schneider, 2008], which forms the largest Patagonian ice mass outside the 
NPI and SPI (190.5 km² in 2007). However, there is no reliable estimation of possible 
future changes in surface area or ice volume for Patagonian ice caps and glaciers. 
Hence, the presented paper aims not only at introducing a new methodology for glacier 
volume assessment, but also at presenting a contribution to the assessment of glacier 
change during the 21st century in Patagonia. 
 
 
4 STUDIES AT GRAN CAMPO NEVADO  57 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
4.3.2 Data 
The glacier outlines of GN used in this study (Fig. 4.20) were digitized from aerial 
photographs taken in 1942, 1984 and 1998, from Landsat TM images taken in 1986 and 
2002 and from an ASTER image acquired in 2007. Drainage basin boundaries correspond 
to glacier inventory data presented by Schneider et al. [2007b]. The surface area of GN 
shows a continuous unbroken decline (Tab. 4.8). 
 
Date Observed Modelled 
1942 56.4 n.a. 
1984 (March, 30th) 54.3 n.a. 
1986 (October, 6th) 53.4 53.7 
1998 (February, 21st) 51.0 51.2 
2002 (March, 16th) 50.3 50.5 
2007 (March, 7th) 49.7 49.4 
 
Tab. 4.8: Observed and modelled surface extents of Glaciar Noroeste in km². 
 
The glacier surface topography of GN is represented by a DEM based on topographic 
maps produced from 1984 airborne photographs [Schneider et al., 2007b]. 
Local reference data needed for statistical downscaling and setup of the surface mass-
balance model, which is based on the temperature-index method, were provided by air 
temperature and precipitation measurements of an AWS operated at Puerto Bahamondes 
(cf. Fig. 4.1) about 7.5 km to the east of GN and 3.5 km from the eastern ice margin of 
GCN at 28 m a.s.l. [Schneider et al., 2003]. Daily measurements of the AWS cover the 
period 09/2000-08/2005. 
The 1984-2099 monthly climate data time series (Fig. 4.21) used as input for the 
modelling procedure were created from gridded surface air temperature and precipitation 
data. For the period 1984-2006 we used monthly NCEP/NCAR reanalysis (NNR) data 
(resolution of 2.5 x 2.5°) [Kalnay et al., 1996] provided by the NOAA-CIRES Climate 
Diagnostics Centre, Boulder, Colorado, USA (http://www.cdc.noaa.gov/). These data 
served as basis for the calibration of the volume-area relation (Eq. 4.17). Output from the 
Third UK Met Office Hadley Centre Coupled Ocean-Atmosphere GCM (HadCM3) was 
used for the remaining period (2007-2099) of the climate data time series. The HadCM3 
datasets (resolution of 3.75 x 2.5°) [Lowe, 2005a,b] represent the SRES (Special Report 
on Emissions Scenarios) scenarios A2 and B1 of the IPCC AR4 [Solomon et al., 2007]. 
Data were provided by the UK Met Office Hadley Centre (Crown copyright 2005). All 
gridded climate data were reduced to subsets of four grid points located next to GCN. 
Data were statistically downscaled according to a combined method [Möller and 
Schneider, 2008] employing ‘local scaling’ [Salathé, 2005; Widmann et al., 2003] for 
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adjustment of the annual cycles to local conditions at GCN and multiple linear regression 
analysis for creating best fit combinations of the four grid points. NNR and HadCM3 A2 
time series are the same as in Möller and Schneider [2008] while the HadCM3 B1 time 
series were created accordingly. The similarity between the downscaled scenarios A2 and 
B1 is a result of the shift of the different initial air temperature levels of both scenarios to 
local conditions at GCN during the downscaling procedure. As the long term trends of 
both scenarios show only little differences this leads to comparable future time series. A 
quality assessment of the downscaling procedure based on data from AWS Puerto 
Bahamondes is presented in Table 4.9. Results indicate a good performance of the 
downscaling procedure with the explained variances of all surface air temperature time 
series amounting to at least 84%. Even the synthetic HadCM3 precipitation time series 
account for explained variances of up to 33% after the downscaling. Hence, all climate 
data used are considered as an appropriate basis for future glacier evolution modelling. 
 
Fig. 4.21: Downscaled air temperature and precipitation time series for 1984-2099. The period 
1984-2006 is covered by NNR data, the period 2007-2099 by different HadCM3 data. 
 
 
 
 
4 STUDIES AT GRAN CAMPO NEVADO  59 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
Datasets R² Significance level 
T 0.94 99.9% 
NCEP/NCAR 
P 0.52 99.9% 
T 0.84 99.9% 
HadCM3 (A2) 
P 0.19 99.5% 
T 0.87 99.9% 
HadCM3 (B1) 
P 0.33 99.9% 
 
Tab. 4.9: Performance of the combined downscaling procedure of air temperature (T) and 
precipitation (P) data. Measurements at the AWS during 09/2001-08/2005 serve for comparison. 
Significance levels according to Student’s t test refer to linear correlations between downscaled 
and measured data and account for reduction due to autocorrelation. 
 
4.3.3 Methods 
4.3.3.1 Surface mass balance model 
The modelling of glacier volume and area changes builds upon an altered version of the 
surface mass-balance model described by Möller et al. [2007]. Within the model, ablation 
is calculated using the temperature-index method [e.g. Braithwaite, 1981; Ohmura, 2001; 
Hock, 2003] and accumulation results directly from altitude dependent sums of solid 
precipitation. The computation of ablation (a) at a specific altitude (z) is based on the 
positive degree-day sum (DD+) of the considered month (i) and an empirically derived 
degree-day factor (f). It is defined as a negative value and is calculated as: 
 
 
+⋅= iziz DDfa ,, . (4.10) 
 
Following Braithwaite [1984] and Marshall [2006] the calculation of 
+
izDD ,  is based 
upon the integral over the positive interval of the probability density function of air 
temperature (PDFT) of the respective month (pi(Tz), cf. Fig. 4.22 and Eq. 4.13): 
 
  ( )[ ]∫∞++ ⋅⋅= 0,, zziiziiz dTTpTDDD . (4.11) 
 
Di is the number of days of the respective month. 
+
izT ,  is the mean of all positive monthly 
air temperatures. It is calculated by solving the equation 
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for 
+
izT ,  (Fig. 4.22). The employed PDFT is the normal distribution 
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with σ representing the standard deviation of air temperature and izT ,  the mean monthly 
air temperature. 
 
Fig. 4.22: PDFT at GCN for any given mean monthly air temperature Tz,i. Grey areas mark the 
cumulated probability of positive air temperature. Tz,i subdivides the cumulated probability of 
positive air temperature into parts of equal size indicated by light grey and dark grey areas. 
Standard deviations of the PDFT are based on measurements carried out at AWS Puerto 
Bahamondes (cf. Fig. 4.1) in 09/2000-08/2005. 
 
The accumulation (c) at a specific altitude (z) during a specific month (i) likewise 
depends on the PDFT (Eq. 4.13). It is calculated as the proportion of solid precipitation of 
the monthly precipitation sum (P) according to Marshall [2006] as: 
 
+
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  ( )[ ]∫ ∞−⋅= 0,, zziiziz dTTpPc . (4.14) 
 
It thus features the probability of negative air temperatures as scaling factor, so that solid 
precipitation is limited to air temperatures below 0°C. 
The surface mass balance at each point on the glacier is calculated as the sum of ablation 
and accumulation. To convert the surface mass balance into volume changes the model 
was extended to a surface mass-balance model according to Braithwaite and Zhang 
[2000] on the basis of the DEM representing the glacier surface (S). Volume changes 
(ΔV) are calculated by integrating the point balances over the glacier surface: 
 
  ( )∫ +=Δ
S
iziz
ice
i dzcaV ,,
1
ρ   (4.15) 
 
with ρice, the density of glacier ice, set to 0.9 [Möller et al., 2007; Paterson, 1994]. At this 
stage (Eqs. 4.10-4.15) the surface mass-balance model architecture lacks any dynamic 
adjustment of the glacier surface area to volume changes. 
 
4.3.3.2 Volume-area scaling 
According to Bahr et al. [1997] the volume (V) of any glacier or ice cap is related to its 
surface area (S) by a simple power law equation based on a dimensionless scaling 
exponent (γ) that depends on glacier type: 
 
  γSV = .  (4.16) 
 
It is extended by a scaling coefficient (sc) to account for any glacier, either in steady state 
or not [Van de Wal and Wild, 2001; Radić and Hock, 2006]: 
 
  γSscV ⋅= . (4.17) 
 
In steady state condition sc is set to 1. Otherwise, it has to be obtained for each glacier 
individually. This can be done either by calculating it from the glacier’s known initial 
surface area and ice volume [Radić and Hock, 2006] or by applying the method presented 
in this paper. 
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4.3.3.3 Area and volume change modelling 
Based on the volume-area relation, and according to a method outlined in Radić and Hock 
[2006] and Van de Wal and Wild [2001], the surface mass-balance model is augmented 
by an area and volume change (AVC) model. It employs the volume-area scaling 
equation (Eq. 4.17) for continuous adjustment of glacier surface area to computed volume 
changes. During model runs the monthly changes of glacier volume calculated by the 
AVC model (ΔV) are summed up at the end of each year (y). This sum is then added to 
the existing glacier volume (V) in order to calculate a new glacier area (S) for the 
following year according to: 
 
 
γ1
1 ⎟⎟⎠
⎞
⎜⎜⎝
⎛ Δ+=+ sc
VV
S yyy . (4.18) 
 
For areas smaller than the initial glacier area the lower ice margins are moved upwards 
until the remaining surface extent equals the previously calculated new glacier area. This 
method is similar to an approach used by Paul et al. [2007] who carried out glacier area 
modelling depending on varying accumulation area ratios. During model runs the glacier 
area is reduced by cutting off pixels of the DEM in order of increasing altitude. 
Calculation of ΔV for the particular year is then based on the reduced DEM. In case of 
positive surface mass balances, the enlargement of the glacier area is performed by 
extending it to formerly ice covered regions (Fig. 4.20). During model runs this 
expansion of glacier area is done by adding pixels to the DEM in order of decreasing 
altitude. 
 
4.3.3.4 Modelling of future glacier change 
In order to illustrate the applicability of the method outlined above we used it to derive 
the range, i.e. the upper and lower limits, of probable area and volume changes of GN in 
the 21st century. Therefore, the AVC modelling procedure was initialised in 1984 
featuring the volume-area relation obtained from the calibration procedure (Eq. 4.19). 
The model was driven by statistically downscaled NNR data and HadCM3 GCM data 
representing the IPCC SRES scenarios B1 and A2 (Fig. 4.21). 
 
4.3.4 Model calibration 
A new method is introduced to calibrate the volume-area relation (Eq. 4.17) of a specific 
glacier that is not in steady state. The basic idea is to run the AVC model from a known 
initial state over a certain period featuring one or, ideally, more known surface extents of 
the respective ice body. Referring to Bahr et al. [1997] a fixed value for the scaling 
exponent γ (cf. Eq. 4.17) is assumed (see below), and during calibration runs the factor sc 
is altered iteratively to seek the best fit between modelled glacier area change and 
observed glacier extent records by minimizing the RMS difference. 
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For the volume-area scaling equation (Eq. 4.17) Bahr et al. [1997] obtained a 
dimensionless scaling exponent of γ = 1.375 for valley glaciers. They also outline that 
other studies resulted in slightly different scaling exponents, which is in good agreement 
with findings by Radić et al. [2007], Chen and Ohmura [1990] and Paterson [1972]. 
Considerations by Van de Wal and Wild [2001] suggest an error range of γ of ±0.125. 
Accordingly, in this study γ for GN is assumed to be 1.375±0.125, which combines the 
scaling exponent given by Bahr et al. [1997] and the error range of Van de Wal and Wild 
[2001]. 
The 1984 glacier surface extent (Fig. 4.20) and topography were used as initial conditions 
for the AVC model runs. The remaining boundary and starting conditions of the model 
were chosen according to Möller et al. [2007] and Schneider et al. [2007a]. The degree-
day factors (Eq. 4.10) of the surface mass-balance model were set to 
f = 7.0 mm w.e. K-1 day-1 for ice surface (fice) and f = 3.5 mm w.e. K-1 day-1 for snow 
surface (fsnow) An initial snow cover pattern ranging between a depth of 0 mm w.e. below 
300 m a.s.l. and a depth of 500 mm w.e. above 700 m a.s.l. was included. A further 
increase of snow depth above this altitude has no influence on model results. Therefore, it 
is kept constant in favour of model simplicity. Air temperature and precipitation lapse 
rates were set to -0.63 K (100 m)-1 and 5% (100 m)-1, respectively, as estimated from 
different AWS measurements documented in Schneider et al. [2003]. The standard 
deviation of mean daily air temperature at GCN (σ = 3.5°C) needed for setup of the PDFT 
(Eq. 4.13) was calculated from the mean daily temperatures of the AWS (09/2000-
08/2005). 
The known glacier surface extents of 1986, 1998, 2002 and 2007 serve as benchmarks for 
the best fit calibration procedure. Model runs are driven by downscaled NNR data of the 
period 1984-2006 (Fig. 4.21). 
Results yield sc = 0.311 m3-2γ and Equation 4.17 thus becomes 
 
  375.1311.0 SV ⋅=   (4.19) 
 
for GN. Table 4.8 presents the modelled and observed glacier extents, providing an 
overview of the model performance, and showing that modelled glacier changes provide a 
reasonable estimate of the surface extents observed within the calibration period. The 
RMS error between observed and modelled values amounts to just 0.24 km², which 
indicates a good overall reliability of the AVC model. 
 
4.3.5 Error assessment 
For assessment of the error range of both area and volume-change modelling, three 
different sources of errors have to be considered. The set is formed by a) the RMS 
difference of the best fit calibration procedure; b) an additional error range resulting from 
the ±0.125 uncertainty of the scaling exponent of the volume-area relation itself; and c) 
possible inaccuracies of the degree-day factor calibration. 
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a) The RMS error of the best fit calibration procedure was calculated using 
observed and modelled extents of GN in the years 1986, 1998, 2002 and 2007 
(Tab. 4.8). It amounts to ±0.24 km² for area change modelling (EA,1) and is 
assumed to be constant in time. The associated error range in volume change 
modelling is thus calculated to be ±0.04 km³ (EV,1) according to the volume-area 
relation (Eq. 4.19). 
b) For assessment of the error resulting from the ±0.125 uncertainty of the scaling 
exponent of the volume-area relation (Eq. 4.19), the area and volume changes of 
GN during the 21st century were computed repeatedly using not only Equation 
4.19 for the AVC model but also Eq. 4.17 calibrated for γ = 1.25 and γ = 1.5. The 
differences between the resulting three modelled area-change time series show 
clearly progressive characteristics. Maximum differences are reached in 2099 and 
amount to ±0.22 km² (B1) and ±0.24 km² (A2), respectively. The deviations of 
volume change modelling prove to vary only slightly with time. Starting with a 
value of ±1.21 km³ in 1984, they show an increase to slightly higher maximum 
values during the first three decades of the 21st century. Afterwards, deviations 
drop continuously until 2099. Minimum values are reached at ±1.19 km³ (B1) 
and ±1.18 km³ (A2), respectively. The corresponding error ranges result from the 
maximal deviations of each year (E(y)A,2 and E(y)V,2). 
c) The impact of calibration inaccuracies regarding the degree-day factors, was also 
analysed by performing additional AVC model runs. For error assessment the 
degree-day factors (fice = 7.0 mm K-1 day-1 and fsnow = 3.5 mm K-1 day–1) were 
varied by ±1.0 mm K-1 day-1 and ±0.5 mm K-1 d-1, respectively. Results of area 
change modelling yield a continuous but decreasing progression of deviations 
throughout the entire modelling period. Maximum values are reached in 2099 and 
amount to ±3.1 km² (B1) and ±3.2 km² (A2), respectively. The uncertainty in the 
modelled volume change time series shows similar characteristics, with 
deviations of up to ±0.9 km³ (B1 and A2). Maximum deviations of each 
respective year are taken as error ranges (E(y)A,3 and E(y)V,3). 
The total error ranges of the area and volume change time series can be described by: 
 
  ( ) ( ) ( ) 23,22,21,, AAAallA yEyEEyE ++=  (area change) (4.20a) 
and 
  ( ) ( ) ( ) 23,22,21,, VVVallV yEyEEyE ++=  (volume change). (4.20b) 
 
The total error ranges of the area change time series show a continuous increase with 
time. They reach maximum uncertainties of ±3.2 km² (B1 and A2) in 2099 (Fig. 4.23). 
This corresponds to values of not more than ±9% for any specific year. Regarding the 
error ranges of the volume change time series, only a slight increase with time is evident. 
Uncertainties increase continuously from ±1.2 km³ in 1984 to ±1.5 km³ (B1 and A2) in 
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2099 (Fig. 4.24). Thus, they increase from consistent values of ±9% in 1984 to 20% (B1) 
and 21% (A2) in 2099. 
The accuracy of modelled area changes proved to be highly reliable. This is documented 
by an RMS error of just 0.24 km². Moreover, the maximum deviation between modelled 
and observed glacier areas throughout the calibration period (i.e. the years 1986, 1998, 
2002 and 2007) amounts to not more than 0.3 km² and thus to less than 0.5%. 
 
4.3.6 Results and discussion 
4.3.6.1 Volume-area relation 
The calibrated volume-area relation of GN (Eq. 4.19) assigns an overall ice volume of 
13.4 km³ to the 1984 glacier surface extent of 54.3 km². This implies a reasonable mean 
ice thickness of approximately 250 m. The accuracy of this estimation was calculated to 
be ±1.2 km³. 
It can thus be concluded that the presented method of calibrating the volume-area relation 
of a specific glacier by the exclusive use of data on surface area change is a successful 
and accurate means of estimating ice volume. Present glacier volume is calculated with a 
potential error range of 9-11% (Fig. 4.24). However, it must be remembered that the 
accuracy of future glacier evolution modelling deteriorates for the later years due to the 
increase in the associated total error range. 
 
4.3.6.2 Future glacier evolution 
The results of modelling of future ice evolution yield values of probable glacier surface 
area reduction by 2099 ranging from18.9 km² (B1) to 19.4 km² (A2). This results in the 
surface area of GN being reduced to 34.9±3.2 km² at the end of the 21st century for A2 
(Fig. 4.23). In scenario B1 GN shrinks to 35.4±3.2 km² (Fig. 4.23). This loss in area 
corresponds to between 35% (B1) and 36% (A2) when compared with the initial surface 
area in 1984. Volumetric results (Fig. 4.24) reveal a probable ice-volume loss ranging 
from 5.9 km³ (B1) to 6.1 km³ (A2). The calibrated initial ice volume of 13.4±1.2 km³ is 
estimated to decrease to 7.4±1.5 km³ (B1) and 7.3±1.5 km³ (A2), respectively. This 
implies a loss of ice volume of more than 40% in both cases. 
The associated recession of the lower ice margins was estimated to altitudes of 
539±37 m a.s.l. (B1) and 546±40 m a.s.l. (A2). Figure 4.25 shows the different estimates 
of surface extent of GN in 2099. The modelling procedure does not account for lowering 
of the glacier surface. The potential elevation feedback [e.g. Raymond et al., 2005] 
resulting in altered ablation and accumulation amounts is thus neither considered nor 
quantified. The resulting additional error range of unknown magnitude due to feedback 
mechanisms should not be ignored when the presented area and volume changes are 
interpreted. Nevertheless, the small differences between the B1 and A2 time series in 
either case suggest only a weak dependency of GN on the intensity of oncoming climate 
change. 
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Fig. 4.23: Evolution of the surface-area extent of Glaciar Noroeste in 1984-2099. 
 
 
Fig. 4.24: Volume-change evolution of Glaciar Noroeste in 1984-2099. 
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Fig. 4.25: Estimated extents of Glaciar Noroeste in 2099 resulting from climate forcing according 
to IPCC SRES scenarios B1 (left) and A2 (right). Coordinates correspond to UTM zone 18S. 
Contour spacing is 100 m. Dark grey shading represents the sea. Given uncertainty ranges 
correspond to the results of Equation 4.20a. 
 
4.3.7 Conclusion 
A new method was presented to calibrate the volume-area relation of a specific glacier or 
ice cap without requiring information regarding absolute ice volume. The only data 
needed for the calibration process are a DEM representing the terrain at the beginning of 
a calibration period and several known glacier surface extents. 
Calibration results combined with error assessment yield a good model performance. 
Area changes proved to be modelled with high accuracy within the period 1984-2007. 
Initial ice volume is estimated with a precision of ±10%. However, this finding is not 
derived from ice volume observations, but is merely based on error propagation. The 
presented method has high potential for estimating the volume of glaciers. The AVC 
model also proved to be a useful and reliable means of modelling future glacier evolution. 
Due to its low requirements regarding input data, the presented method is especially 
valuable for studies on remote and thus less intensively studied regions. 
The AVC model was calibrated and tested for GN, an outlet glacier of GCN. The range of 
future volume and area changes of GN until 2099 was estimated. Model results yield a 
decline of the glaciated area of GCN from 54.3 km² in 1984 to between 35.4±3.2 km² 
(B1) and 34.9±3.2 km² (A2) at the end of the 21st century (Fig. 4.23). This change will 
probably be accompanied by a recession of the lower ice margins to altitudes between 
539±37 m a.s.l. (B1) and 546±40 m a.s.l. (A2) when assuming a consistent retreat 
according to altitude in the lowermost glacier regions (Fig. 4.25). The associated loss of 
ice volume (Fig. 4.24) was estimated to range between 5.9 km³ (B1) and 6.1 km³ (A2). 
The small difference in probable future glacier changes of GN suggests a weak 
dependency on the intensity of oncoming climate change, which in this region is 
dominated by a temperature increase of less than 2°C in both B1 and A2 scenarios by the 
end of the century, with insignificant change in precipitation (Fig. 4.21). 
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4.3.8 Comment on method transferability 
The presented AVC model has already been implemented for a glacier in Tierra del 
Fuego (Martial Este Glacier) and successfully applied in a study of its multi-decadal 
evolution. The work has been published in Advances in Geosciences by Buttstädt et al. 
[2009]. Within this study the author of this thesis was responsible for conducting the 
modelling of future glacier evolution. He thus appears as first co-author of the referenced 
article. 
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Chapter 5 
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5 Studies at Vestfonna 
5.1 Current status of surface mass balance – a spatially 
distributed assessment for the period 2000-2009 
The ice cap Vestfonna in the northern Svalbard archipelago is one of the largest ice 
bodies of the European Arctic (~2400 km²) but little is known about its mass balance. The 
surface mass balance of the ice cap is modelled for the period September 2000 to August 
2009 on a daily basis. Ablation is calculated by a spatially distributed temperature-
radiation-index melt model. Air temperature forcing is provided by ERA-Interim data that 
is bias-corrected using data from an automatic weather station operated on the ice cap. 
Spatially distributed net shortwave radiation fluxes are obtained from standard algebraic 
techniques combined with realtime MODIS based cloud cover and surface albedo 
information. Accumulation is derived from precipitation records of the nearest synoptic 
weather station (Ny-Ålesund) and is spatially distributed as a function of elevation. 
Results indicate that mass-balance years are characterized by short ablation seasons 
lasting from June to August and correspondingly longer accumulation periods. The 
modeled surface mass balance rates show a positive mean of +0.23 m w.e. a-1 with an 
associated mean annual equilibrium line altitude of 283 m a.s.l. Mean winter balance is 
+0.59 m w.e. a-1 and mean summer balance -0.36 m w.e. a-1. Interannual variability is 
very high with positive annual surface mass balances at the beginning and end of the 
modeling period and only one distinctly negative mass balance year in the middle of the 
decade. 
This subchapter forms the content of a manuscript that is an earlier version of Möller et 
al. [2011], a paper that has been accepted for publication on June 22, 2011. 
 
5.1.1 Introduction 
During the second half of the 20th century annual glacier mass balances around the world 
have been growing increasingly negative [e.g. Braithwaite, 2002; Kaser et al., 2006; 
Ohmura, 2006; Cogley, 2009]. In the Arctic surface mass balance observations revealed 
negative or close to balanced conditions lacking any trend until the mid 1990s 
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[Dowdeswell et al., 1997], but have shown accelerating rates of mass loss since in some 
regions. The Arctic ice masses outside Greenland have been found to be a major 
contributor to present sea level rise [e.g. Arendt et al., 2002; Hock et al., 2009; Berthier et 
al., 2010; Wu et al., 2010]. They account for about one fourth of all glacier sea-level rise 
contributions since 1960 [Kaser et al., 2006]. These contributions are expected to 
increase in the future [Raper and Braithwaite, 2006; Meier et al., 2007; Bahr et al., 2009] 
as the glaciers are located in the region of highest predicted air temperature increase 
during the coming decades [Rinke and Dethloff, 2008]. 
During the last four decades the glaciers and ice caps of Svalbard showed a mean 
geodetic mass balance of -0.36±0.02 m w.e. a-1 (excluding Austfonna and Kvitøya) 
corresponding to a mean sea level rise contribution of 0.026 mm a-1 [Nuth et al., 2010]. 
However, their surface mass balance was roughly in equilibrium 
(-0.014±0.003 m w.e. a-1) during the last 30 years of the 20th century [Hagen et al., 
2003b] and considerable spatial variability is observed. Glaciers in western Svalbard have 
shown an accelerating thinning during recent decades with surface elevation change rates 
of -0.52 m ice eq. a-1 in 1995-2003 and -0.69 m ice eq. a-1 in 2003-2005 [Kohler et al., 
2007]. These values are in line with results from the ice caps on Edgeøya, eastern 
Svalbard, where the thinning rate averaged -0.7 m ice eq. a-1 for the period 2002-2004 
[Kääb, 2008], and results from southern Spitsbergen where mean thinning during 1990-
2005 was calculated to be -0.55 m w.e. a-1 [Nuth et al., 2010]. However, during the most 
recent past significant changes in the mass-balance pattern of the Svalbard archipelago 
occurred. Moholdt et al. [2010b] calculated the overall geodetic mass balance for the 
period 2003-2008 and obtained a distinctly reduced value of -0.12±0.04 m ice eq. a-1. 
Results for Vestfonna (Fig. 5.1) are close to the regional mean (-0.16±0.08 m ice eq. a-1), 
while a strikingly different balance of +0.11±0.04 m ice eq. a-1 was obtained for 
Austfonna for the same period [Moholdt et al., 2010b]. Positive mass balances for 
Austfonna have also been reported for the end of the 20th century [Bevan et al., 2007]. For 
Vestfonna Nuth et al. [2010] obtained a near zero glacier-wide geodetic mass balance of 
+0.05±0.15 m w.e. a-1 for the period 1990-2005 and a thickening of parts of its 
accumulation area. 
While the overall geodetic mass balance of all Svalbard glaciers has become less 
negative, the large ice caps of Nordaustlandet, i.e. Austfonna and in particular Vestfonna, 
contrast this development. Austfonna seems to continue to gain mass, and Vestfonna 
seems to have shifted from slight mass gain to mass loss. Vestfonna does not experience 
the typical low-elevation thinning observed throughout the Svalbard archipelago. It rather 
features a complex, non-systematic pattern of ice thickness changes [Moholdt et al., 
2010b]. The reason to this is the relatively complex surface topography of Vestfonna, 
when compared to the smoother surface of Austfonna. 
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Fig. 5.1: Location of the ice cap Vestfonna and overview on installed measurement network. The 
four AWS are marked by large black circles. Locations of stakes are marked by small dots. 
Locations along the transect AWS1-3 are hidden behind the AWS marks. Contour spacing is 
100 m. Coordinates correspond to UTM zone 34N. Inset: Location of Vestfonna within Svalbard 
archipelago. Black circles mark the weather station in Ny-Ålesund and the locations of the eight 
ERA-Interim grid points used for downscaling of air temperature. 
 
With the exception of Austfonna, the negative mass balance observations are in line with 
the positive trends of air temperature observed in the Arctic and the Svalbard area in 
particular [Rigor et al., 2000; Moritz et al., 2002; Rawlins and Willmott, 2003]. The 
archipelago experienced general warming in the course of the 20th century [e.g. Hanssen-
Bauer and Førland, 1998; Førland and Hanssen-Bauer, 2003]. During the last decades of 
the 20th century the Atlantic sector of the Arctic as a whole showed the strongest warming 
trend of any part of the northern polar region [Przybylak, 2000; 2007]. Until then, this 
trend had increased considerably. Starting at a statistically insignificant number of 
+0.06 K per decade for the period 1936-2005 it more than doubled to +0.15 K per decade 
in 1951-2005 and reached a highly significant (99.9% level) trend of +0.59 K per decade 
when considering the period 1976-2005. Finally, during 2001-2005 the mean annual air 
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temperature in the Atlantic sector of the Arctic was 1.3 K higher than its long term mean 
during 1951-1990 [Przybylak, 2007]. This development led to a considerable increase of 
the mean length of annual melt season throughout the Arctic [Stroeve et al., 2006b] and 
thus possibly initiated a trend towards more negative mass balances. 
The aim of this study is to model spatially distributed daily time series of surface 
accumulation, surface ablation and surface mass balance of Vestfonna for the first decade 
of the 21st century (09/2000-08/2009). The spatially distributed temperature-radiation-
index ablation model presented by Pellicciotti et al. [2005] is applied. It is based on air 
temperature and net shortwave radiation inputs. The model is enhanced by including daily 
MODIS (Moderate Resolution Imaging Spectroradiometer) based fractional cloud cover 
and albedo grids in order to compute spatially distributed net shortwave radiation. The 
model is forced by statistically downscaled ERA-Interim daily air temperature data. 
Accumulation is modeled as a function of altitude based on a daily precipitation record of 
the nearest synoptic weather station operated in Ny-Ålesund (180 km southwest of 
Vestfonna). Our model approach is capable to account for the frequent and spatially 
variable cloud cover in the study area despite the limited availability of meteorological 
data at boundary layer level. Model results provide new insight into the spatial and 
temporal variability of the surface mass balance of Svalbard’s second largest ice cap. 
 
5.1.2 Data 
The model requires digital elevation data of the ice cap as well as daily air temperature 
and precipitation data. Fractional cloud cover, atmospheric turbidity and albedo data are 
used to compute net shortwave radiation. Mass balance data obtained at ablation stakes 
are used to calibrate the model. 
 
5.1.2.1 Glacier outline and elevation data 
The glacier outlines used in this study were digitized from Terra ASTER imagery 
acquired on August 17, 2000 (EOS Data Gateway Granule ID: SC:ASTL1B 00-08-
12:36:0010269001). Terrain information is based on the elevation dataset of the ASTER 
Global Digital Elevation Model (GDEM). Small areas of data voids in the uppermost 
parts of the ice cap were filled by interpolated values based on the surrounding grid cells. 
Sporadic elevation outliers along the ridges were likewise substituted by interpolated 
values. Finally, the original grid was bilinearly resampled to a grid-cell resolution of 
250x250 m in order to allow for a proper matching with other remote sensing data (e.g. 
MODIS). An overview on the model domain is given in Figure 5.1. 
 
5.1.2.2 Meteorological data 
The model is forced by statistically downscaled daily 2 m air temperatures from ERA-
Interim gridded data (Fig. 5.2). ERA-Interim is the follow up reanalysis product of the 
well established ERA-40 dataset [Uppala et al., 2005]. Data are supplied by the European 
Centre for Medium-Range Weather Forecasts (ECMWF). Air temperature data of the 
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eight grid points located in the area 79.5-81.0°N and 18.0-22.5°E (Fig. 5.1) are used. The 
downscaling procedure is detailed in Subsection 5.1.3.3. 
 
Fig. 5.2: Climate data time series: downscaled ERA-Interim air temperature (a), modelled global 
radiation (b) and precipitation sums (c). All data are presented at a daily resolution and refer to the 
location of AWS4. 
 
Precipitation data (Fig. 5.2) used for calculation of snow accumulation are based on daily 
records of the nearest synoptic weather station operated in Ny-Ålesund (18 m a.s.l., 
180 km southwest of Vestfonna) by the Norwegian Meteorological Institute 
(Meteorologisk Institutt; data are provided at: http://eklima.met.no). Recorded values 
were corrected according to Førland and Hanssen-Bauer [2000] to account for 
measurement errors, i.e. underestimation of precipitation sums due to wind drift: For 
liquid precipitation (here for air temperatures > 2°C) the records were corrected by a 
factor of 1.15 while for solid precipitation (here for air temperatures < 0°C) a correction 
factor of 1.85 was applied. In the intermediate range (air temperatures between 0 and 
2°C) measured values were multiplied by a factor of 1.5. The alternative usage of ERA-
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Interim data (as done in case of air temperatures) was not feasible as the required 
downscaling procedure would have been reliant on a local reference and thus on in situ 
precipitation measurements at the ice cap that are not available. 
In addition, data of four AWS operated on the northwestern side of the ice cap (Fig. 5.1) 
for different time periods during 2007/05/01 to 2009/08/06 were used to downscale the 
ERA-interim data, to derive temperature slope lapse rates and to calibrate/validate various 
modules of the mass balance model. Detailed information on all AWS is provided in 
Table 5.1. 
 
ID, Period, 
Altitude 
Variable Sensor Accuracy 
Air temperature Campbell CS215 ±0.9°C 
Surface height Campbell SR50A ±1 cm or 0.4% 
AWS1 
2008/05/23-
2009/04/30 
240 m a.s.l. Shortwave radiation Campbell CS300 ±5% 
Air temperature Campbell CS215 ±0.9°C 
Surface height Campbell SR50A ±1 cm or 0.4% 
AWS2 
2008/05/28-
2009/08/06 
370 m a.s.l. Shortwave radiation Campbell CS300 ±5% 
Air temperature Campbell CS215 ±0.9°C 
Surface height Campbell SR50A ±1 cm or 0.4% 
AWS3 
2008/05/22-
2009/04/30 
500 m a.s.l. Shortwave radiation Campbell CS300 ±5% 
Air temperature Campbell CS215 ±0.9°C 
Surface height Campbell SR50 ±1 cm or 0.4% 
AWS4 
2007/05/01-
2009/04/30 
335 m a.s.l. Shortwave radiation Kipp & Zonen CNR1 ±10% 
 
Tab. 5.1: Metadata of automatic weather stations operated on Vestfonna. Shortwave-radiation 
sensors are used for both, incoming and reflected radiation measurements. 
 
5.1.2.3 Albedo 
Terra MODIS data were used for retrieval of a spatially distributed daily albedo time 
series of Vestfonna. Albedo information is based on the daily updated, tiled MODIS snow 
product MOD10A1 version 5 [Hall et al., 2002; Hall and Riggs, 2007] with a spatial 
resolution of 500 m. Daily albedo information is based on the scene acquired closest to 
nadir relating to each individual pixel. In case no MODIS albedo information is available 
for certain areas and days due to cloud cover, the albedo time series at the respective grid 
points is interpolated between the temporally closest data values available. 
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During polar winter, when no MODIS snow cover data are available (October 25 to 
February 15), the entire ice cap is assumed to be covered with snow at a constant albedo 
of 0.80. As spatially distributed albedo data exclusively serve as input for the radiation 
term of the ablation model, this assumption does not have any implication for the 
modeling result. Mean update interval for albedo information over the ice cap is 2.9±10.8 
days based on the period with MODIS snow cover data available, with the given range 
indicating one standard deviation and thus a strongly asymmetric distribution. 
On the southern outlet glacier tongues of the ice cap small areas of permanent data voids 
are present in the MODIS snow product (26.25 km2). These areas are excluded from all 
surface mass balance calculations. 
Validation studies of MODIS derived snow and ice albedo grids confirm a good data 
quality over wide and smoothly shaped terrain regions [e.g. Stroeve et al., 2006a; Tekeli 
et al., 2006] but also reveal considerable inaccuracies under high solar zenith angles 
frequently present in polar regions [Greuell and Oerlemans, 2005; Liang et al., 2005; 
Stroeve et al., 2005]. Comparison of remotely sensed surface albedos with the 
measurement record of AWS2 yield a mean difference of +0.02 over the period 05/2008-
07/2009 and an RMS error of 0.12. This result is in agreement with accuracies obtained 
by Greuell and Oerlemans [2005] on the Greenland ice sheet and is regarded as an 
adequate reproduction of in situ conditions. Particularly, since considerable parts of this 
error can be attributed to the fact that the observation of the AWS only samples a small 
point within the much larger MODIS footprint comprising spatial variability of the 
surface albedo [Stroeve et al., 2006a]. A characteristic annual evolution of the albedo bias 
depending on solar zenith angle as described by Wang and Zender [2010] is not clearly 
identifiable due to the limited length of the study period. Therefore, a systematic 
correction of the albedo grids was not feasible. 
 
5.1.2.4 Fractional cloud cover 
Daily updated fractional cloud cover grids for Vestfonna were created on the basis of the 
MOD10A1 daily snow product and serve as input for spatially distributed global radiation 
computation. Binary cloud cover information by default is contained in this 500 m 
resolution gridded dataset. MODIS cloud cover information has been widely used and 
successfully validated in several studies [e.g. Berendes et al., 2004; Wang et al., 2008]. 
Fractional cloud cover grids are created by averaging the binary cloud cover information 
over fixed subsets. A running 5x5 pixel window is used to calculate fractional cloud 
cover for the respective central pixel. During polar winter, when no MOD10A1 data are 
available (October 25 to February 15) and incoming shortwave radiation is negligible, 
fractional cloud cover is assumed to be 0 throughout the entire model domain. As 
fractional cloud cover information exclusively serves as input for global radiation 
modelling, this assumption does not have any implication for the modelling result. 
 
5.1.2.5 Atmospheric turbidity 
Atmospheric turbidity data needed for radiation modeling is represented by the so called 
Linke turbidity factor [Linke, 1961]. The Solar Radiation Database SoDa [Wald et al., 
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2002] provides globally distributed, mean monthly values of the Linke turbidity factor on 
a 0.5° grid. It is a standard tool among solar engineering professionals and a widely used 
data provider for various solar radiation modeling applications [e.g. Schüttemeyer et al., 
2007]. Grids of monthly values were downloaded from the database (http://www.soda-
is.com) and resampled to the 250 m resolution model domain. 
 
5.1.2.6 Mass balance data 
Hourly snow depth and relative surface elevation changes used for calibration and 
validation of the ablation module are provided by the data records of AWS1-3. They are 
based on continuous measurements of an ultrasonic snow depth sensor (Tab. 5.1). 
Measurements of snow depth and ice surface height changes used for calibration of 
accumulation amounts and the entire surface mass balance model were carried out at a 
network of ablation/accumulation-stakes consisting of 38 stakes distributed over parts of 
the ice cap (Fig. 5.1) with approximately two thirds being located in the accumulation 
area. A total of 58 successful repeat readings were retrieved during several field 
campaigns in 2007, 2008 and 2009. Measurement intervals are grouped into two major 
classes, i.e. 70-90 days (between spring and summer campaign) and 360-380 days 
(between two spring campaigns). A minor number of repeat readings were also achieved 
at a measurement interval of around 270 days (between summer and following spring 
campaign). 
Density profiling of late winter as well as summer snow cover was done at a total of eight 
snow pits. Each of them was dug down to the respective previous summer surface. 
Locations were along the AWS1-3 transect as well as at AWS4 and on Ahlmann Summit. 
The observed mean snow density was 404±21 kg m-3 at all pits showing almost no 
seasonal dependency. The low variability of density in space and time is explainable by 
continuous compaction of the snow pack at all times of the year due to prevailingly strong 
snowdrift conditions. Hence, all snow related mass balance measurements are converted 
into water equivalent applying one single snow density (400 kg m-3). Ice density is set to 
900 kg m-3 [Paterson, 1994]. 
 
5.1.3 Methods 
5.1.3.1 Surface mass balance model 
Surface mass balance defined by accumulation and ablation at the glacier surface is 
modelled. Hence, any refreezing below the last-summer surface is excluded. Spatially 
distributed ablation is calculated as a function of downscaled ERA-Interim air 
temperature data and modelled realtime net shortwave radiation. Accumulation is derived 
from measured precipitation data as a function of elevation. The final point balances at all 
grid cells of the model domain are calculated as the sum of ablation (defined as negative 
in case of mass loss) and accumulation. 
Modelling is done for the 9-year period September 2000 until August 2009 with a daily 
resolution on a 250 m grid. Calibration and validation is based on point balance data 
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provided by repeat stake readings and snow pit data and continuous measurements of 
relative surface elevation at AWS1-3. 
 
5.1.3.2 Ablation 
Surface ablation, i.e. snow or ice melt, is calculated using a combined temperature-
radiation-index approach. Since it only depends on air temperature and surface type as 
input variables, the temperature-index method [Braithwaite, 1981; Hock, 2003; 2005] is a 
prominent melt modeling approach in regions with limited data availability [e.g. Zhang et 
al., 2006; Braithwaite and Raper, 2007; Buttstädt et al., 2009; Möller and Schneider, 
2010]. It is justified by the fact that incoming long wave radiation and sensible heat flux, 
which usually represent the largest energy sources for snow and ice melt, are strongly 
correlated to air temperature [Ohmura, 2001]. 
The temperature-radiation-index model presented by Pellicciotti et al. [2005] is used for 
spatially distributed calculation of surface ablation. It parameterizes snow and ice 
ablation as 
 
 ( ) GRT RfTfa ⋅−⋅+⋅= α1    for 0>T °C 
  (5.1) 
 0=a                                         for 0≤T °C 
 
where a is ablation, T air temperature and RG global radiation. α is albedo, fT and fR are 
empirical coefficients. 
Air temperature is spatially distributed as a function of altitude according to a constant 
linear lapse rate. Spatially distributed, realtime global radiation is modeled using the 
radiation model described later in this section (cf. Subsect. 5.1.3.4). It is reduced to net 
shortwave radiation according to the MODIS based, spatially distributed albedo 
information (cf. Subsect. 5.1.2.3). The empirical coefficients fT and fR are calibrated as 
described in Subsection 5.1.4.2. 
 
5.1.3.3 Air temperature data 
ERA-Interim air temperature data of eight grid points surrounding the western part of 
Nordaustlandet (Fig. 5.1) were statistically downscaled to match local conditions at 
Vestfonna using the local scaling method [Salathé, 2005; Radić and Hock, 2006] in 
combination with multiple regression techniques as done by Möller and Schneider [2008; 
cf. Subsect. 4.2.3.1]. 
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Fig. 5.3: Mean seasonal cycles of measured and downscaled air temperature at Vestfonna and at 
the eight surrounding ERA-Interim grid points (cf. Fig. 5.1). All datasets refer to the period May 
2007 to April 2009. 
 
In principle the local scaling method is the adjustment of the ERA-Interim mean seasonal 
cycle to the one observable at Vestfonna, in our case at AWS4. The scaling is derived 
based on the data of the 2-year period 05/2007-04/2009 that is covered by the weather 
station data. Monthly mean temperatures are computed for the AWS4 data and the eight 
time series of ERA-Interim data, and then averaged over the two years (Fig. 5.3). Then 
monthly biases are calculated as the difference between monthly air temperature means at 
AWS4 (TAWS4,m) and the monthly air temperature means at the respective ERA-Interim 
grid point (TERA(p),m). The obtained biases form the basis of the local scaling procedure. 
The daily ERA-Interim air temperatures (TERA(p),m) are corrected by adding the bias of the 
respective month (m) according to 
 
 ( )mpERAmAWSmpERApls TTTT ),(,4),()( −+=  (5.2) 
 
with Tls representing the locally scaled, i.e. bias corrected daily ERA-Interim air 
temperatures. The different ERA-Interim grid point locations (Fig. 5.1) are indicated as 
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(p). By this means eight daily air temperature time series are created for the location of 
AWS4. Because the ERA-Interim grid points are located outside the ice cap no spatial 
interpolation scheme is applied to distribute air temperature across Vestfonna. Instead a 
single time series for one location on the ice cap (AWS4) is created and a temperature 
lapse rate is applied for spatial distribution. 
This is done by employing multiple linear regression techniques [Möller and Schneider, 
2008] with the eight locally scaled ERA-Interim time series being the regressors and the 
measurements of AWS4 the regressand. The linear regression analysis is separated into a 
summer and a winter season, i.e. into the ablation and the accumulation period which is 
June to August and September to May, respectively (cf. Sect. 5.1.6). By this means the 
small biases of the summer months after local scaling (Fig. 5.3) are not negatively 
affected by the larger ones present throughout the other seasons. From the obtained 
regression coefficients two transfer functions are set up to create the daily air 
temperatures of winter (Tw) and summer (Ts) seasons: 
 
 ( )∑ ⋅+=
p
plswpwww TbaT )(,,  
  (5.3) 
 
( )∑ ⋅+=
p
plsspsss TbaT )(,,
. 
 
Herein p = 1, …, 8 represent the eight ERA-Interim grid points. The coefficients a and b1, 
…, b8 are given by intercept and regression coefficients resulting from the multiple linear 
regression analysis (Tab. 5.2). By merging Tw and Ts the complete, downscaled air 
temperature time series (Fig. 5.2) is formed. A comparison of this final air temperature 
time series with the measurements at AWS4 reveals an RMS error of 1.4 K. 
Spatial distribution of air temperature is achieved by applying a function of altitude that is 
based on a constant linear lapse rate. This average slope lapse rate is obtained from daily 
mean air temperature data of AWS1-3 during the period 06/2008-04/2009. Results 
suggest a value of -0.7±0.4 K (100 m)-1 with the given range indicating one standard 
deviation. 
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Parameter Value and unit Equation 
fT 2.21 mm w.e. K-1 day-1 5.1 
fR 0.067 mm w.e. W-1 m2 day-1 5.1 
aS; aW -0.61 K; -6.39 K 5.3 
bS,1; bW,1 -4.42; 6.37 5.3 
bS,2; bW,2 7.85; -26.01 5.3 
bS,3; bW,3 -6.47; 33.11 5.3 
bS,4; bW,4 3.01; -13.45 5.3 
bS,5; bW,5 -3.47; 1.65 5.3 
bS,6; bW,6 6.87; -3.35 5.3 
bS,7; bW,7 -4.24; 3.00 5.3 
bS,8; bW,8 1.53; -0.93 5.3 
sP 0.8 5.8 
lP 9% (100 m)-1 5.8 
m 0 5.10 
n 0.364 5.10 
SVAWS2 0.88 5.10 
air temperature lapse rate -0.7 K (100 m)-1 n.a. 
 
Tab. 5.2: Overview of numerical values of constants and parameters. 
 
5.1.3.4 Global radiation 
Global radiation (RG) is calculated as the sum of direct and diffuse radiation: 
 
 difSdirSG RRR ,, += . (5.4) 
 
All shortwave radiation fluxes are computed with an hourly resolution from which daily 
means are computed. 
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Direct radiation 
Potential clear-sky direct solar radiation on an arbitrarily oriented and inclined surface 
(R0,dir) is estimated according to a formula presented by Bernhardt and Philipps [1958] 
that has been successfully applied in mass balance modelling before [e.g. Mölg et al., 
2003a; 2003b]: 
 
 ( )
ζ
ζζ
cos
018.0
*
0,0 cos
907.0cos
LT
dir ESR ⎥⎦
⎤⎢⎣
⎡⋅⋅⋅=
. (5.5) 
 
S0 is the solar constant (1368 W m-2). Eccentricity correction factor (E) and zenith angle 
of the sun with respect to a theoretical, planar surface (ζ) or with respect to an arbitrarily 
oriented and inclined surface (ζ*) are calculated according to standard solar geometry 
[e.g. Iqbal, 1983].3 Atmospheric turbidity is represented by spatially distributed grids of 
the Linke turbidity factor (TL) [Linke, 1961]. Terrain shading is accounted for based on 
standard algorithms [Corripio, 2003]. 1 
The reduction of direct solar radiation due to actual cloud-cover conditions is determined 
from R0,dir using the Savinov-Ångström formula [e.g. Kondratyev, 1969; Budyko, 1974; 
Davies et al., 1975]. The share of direct solar radiation actually reaching the surface 
(RS,dir) is thus calculated as: 
 
 ( )[ ]fcdirdirS CRR ⋅−−⋅= '11,0, η . (5.6) 
 
Cloudiness is incorporated in terms of spatially distributed fractional cloud cover grids 
(Cfc) and η' is an empirical coefficient being 0.58 at 80°N [Budyko, 1974]. Due to the 
minimal input requirements, the Savinov-Ångström formula (Eq. 5.6) is a feasible 
method for efficient radiation calculation and has thus been used before in several studies 
[e.g. Emelyanov and Konovalov, 1975; Dumanskaya, 2008]. 
 
Diffuse radiation 
Multiple scattering and reflection between the glacier and the lowermost cloud layers 
contributes considerably to global radiation at the surface. This effect is well documented 
for several locations in Svalbard [e.g. Ørbæk et al., 1999]. Reflected shortwave radiation 
from surrounding topography is assumed to be negligible in this study due to the widely 
convex shape of the ice body and the resulting lack of surrounding surfaces potentially 
reflecting towards the ice cap. 
 
                                                           
3 The calculation is described in detail in Appendix A. 
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Diffuse radiation due to multiple scattering and reflection (RS,dif) is calculated from direct 
radiative forcing according to: 
 
 RdirSdifS sRR ⋅= ,, . (5.7) 
 
The spatially distributed scaling factor (sR) that accounts for surface albedo and fractional 
cloud cover conditions is empirically calibrated from a comparison of measured and 
modelled global radiation fluxes at AWS2 as described in Subsection 5.1.4.1. 
 
5.1.3.5 Accumulation 
Surface accumulation is assumed to be exclusively formed by snow fall. It is based on the 
corrected precipitation records of the synoptic weather station in Ny-Ålesund (PN). To 
account for regional differences in precipitation sums, precipitation at Vestfonna (PV) at a 
specific altitude (z) is calculated from PN by multiplication with a constant, dimensionless 
scaling factor (sP). Then a precipitation lapse rate (lP) is applied assuming an increase in 
precipitation with altitude: 
 
 ( ) ( )zlPszP PNPV ⋅+⋅⋅= 1 . (5.8) 
 
For surface mass balance modeling at neighboring Austfonna Schuler et al. [2007] used a 
spatially distributed precipitation correction factor in order to account for the strong 
horizontal accumulation gradient that was observed on the ice cap using ground 
penetrating radar based snow depth profiles. On Vestfonna a comparable pattern has been 
detected from snow radar soundings though data are scarce. In addition, snow depth 
measurements and differential GPS altimetry along profiles indicate an increase in 
precipitation with altitude. 
Precipitation occurring at air temperatures below 0°C is assumed to fall as snow while 
rain is assumed for all precipitation at temperatures above 2°C. Between 0 and 2°C a 
mixture of snow and rain is assumed, and the amount of snow fall is scaled between 
100% (0°C) and 0% (2°C) using a hyperbolic function presented by Möller et al. [2007]. 
Accordingly, the surface accumulation (c) is computed by: 
 
 VPc =                                          for 0≤T °C 
  (5.9) 
 
( )[ ]{ }
2
13tanh1 −⋅−⋅= TPc V
    for 0°C < T < 2°C 
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5.1.4 Model calibration and validation 
Calibration of the surface mass balance model and its components follows a stepwise 
procedure. At first, the ablation model including the global radiation model is calibrated 
based on the data record of AWS2. Measurements of AWS2 were chosen as calibration 
basis as this station features the longest data record after the one retrieved from AWS4 
which is used as model input. Then, the entire surface mass balance model was calibrated 
based on point balance measurements at the ablation/accumulation stake network. This 
was done by adjusting the parameters of the precipitation model (Eq. 5.8). 
Validation of the ablation model including the global-radiation model is done using the 
data records of AWS1 and 4. Validation of the entire surface mass balance model and 
thus the precipitation model was done using snow pit data. 
 
5.1.4.1 Global radiation 
The radiation model (Eqs. 5.4-5.7) requires calibration of the additional shortwave 
radiation flux reaching the surface due to multiple scattering and reflection between 
glacier surface and cloud cover. Calibration period is 2008/05/28-2009/08/06. The scaling 
factor sR (Eq. 5.7) that relates the diffuse (RS,dif) to the direct radiation flux (RS,dir) is given 
by: 
 
 2AWS
fcR SV
SVCnms ⋅⋅⋅+= α
. (5.10) 
 
It basically depends on surface albedo (α) and fractional cloud cover (Cfc). The 
differences in the relief situation at each specific location on the glacier in comparison to 
the calibration site (AWS2) are accounted for by the quotient of the respective sky-view 
factors (SV) that are computed according to Corripio [2003]. The scaling factor sR is thus 
a gridded quantity whose spatial distribution depends on daily updated albedo and 
fractional cloud cover grids and a fixed distribution of sky-view factors. The empirical 
constants (m, n) are calibrated from a comparison of measured global radiation (Rmeas) and 
modelled (RS,dir) direct solar radiation at AWS2 by using: 
 
 
2,2
2,,
2,,2,
AWSfcAWS
AWSdirS
AWSdirSAWSmeas Cnm
R
RR ⋅⋅+=− α
. (5.11) 
 
The difference given in the numerator, i.e. the deviation of modelled from measured 
values, is treated as diffuse radiation (RS,dif). Hence, the left side of Equation 5.11 
represents the ratio between diffuse and direct radiation fluxes at AWS2 and therewith SR 
(cf. Eq. 5.7). The constant n (0.364) is obtained using linear regression techniques. With 
the product of albedo and fractional cloud cover ranging between 0 and 1 this means that 
diffuse radiation at AWS2 might contribute up to more than one fourth to global 
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radiation. The intercept m is forced to 0 in order to account for the fact that multiple 
scattering and reflection is not existent in case either albedo or fractional cloud cover is 
zero. 
Validation of the radiation model (Eqs. 5.4-5.7) is done using data of AWS4. A 
comparison of modelled and measured global radiation fluxes suggests a good model 
performance. Modelled global radiation fluxes are able to explain 92% of the variance of 
in situ measurements at AWS4 (Fig. 5.4) and considerable parts of the remaining 
deviations (RMS error: 32.4 W m-2) can be attributed to intra-day changes in cloud cover 
that are not accounted for in the MODIS based fractional cloud cover data. 
 
 
Fig. 5.4: Modelled versus measured daily global radiation at AWS4 in the period May 2007 to 
April 2009. 
 
5.1.4.2 Ablation 
The empirical coefficients fT (2.21 mm w.e. K-1 day-1) and fR 
(0.067 mm w.e. W-1 m2 day-1) of the ablation model (Eq. 5.1) are calibrated using the 
hourly records of air temperature, net shortwave radiation, snow depth and ice surface 
elevation changes obtained at AWS2. Iterative model runs are performed until cumulative 
modelled ablation reaches the best fit of its measured counterpart. Calibration is done 
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over the period 2008/05/28 to 2008/09/21 (snow surface) and over the attached period 
2009/07/30 to 2009/08/06 (ice surface). Calibration results reveal a fairly good 
performance of the ablation model (Fig. 5.5). 
 
 
Fig. 5.5: Modelled versus measured cumulative ablation (displayed as positive value) over the 
period 2008/05/28 to 2008/09/21 (black line) and 2009/07/30 to 2009/08/06 (grey line) at AWS2. 
 
Validation is done by comparing modelled and measured cumulative ablation at AWS1 
during the ablation period 2008. Modelled ablation is obtained from the results of the 
surface mass-balance model at the respective grid point. Validation results (Fig. 5.6) 
confirm the good performance the ablation model already shown during the calibration 
procedure. 
 
5.1.4.3 Precipitation and surface mass balance 
The precipitation model is not calibrated separately. In fact, precipitation lapse rate (lP) 
and scaling factor (sP) that form the variables of the precipitation model (Eq. 5.8) are 
rather used as tuning parameters for calibration of the entire surface mass balance model. 
Calibration is based on a comparison of modelled point balances with their respective 
measured counterparts formed by the 58 repeat stake readings that serve as in situ 
reference. Iterative model runs with continuous changes of the two parameters are 
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performed until best-fit approximation was reached. The fitting procedure reveals 
lP = 9% (100 m)-1 and sP = 0.8.  
Calibration results reveal a good overall model performance. Point balances calculated by 
the surface mass balance model account for an explained variance of 87% of their 
measured counterparts (Fig. 5.6). The achieved RMS error amounts to ±0.17 m w.e. and 
corresponds to a mean measurement period of 209 days. The annual RMS error of 
modelled mass balances (±0.56 m w.e.) was achieved from the deviations of each point 
balance linearly scaled to a one year period. 
 
Fig. 5.6: Left: Surface mass-balance model calibration. Modelled versus measured point mass 
balances at stake locations. Right: Surface mass-balance model validation. Modelled versus 
measured cumulative ablation (displayed as positive value) at AWS1 (black line) over the ablation 
period 2008. Modelled versus measured snow water equivalent at snow pit locations down to 
previous summer surface without further snow depth probing (black triangles) and accompanied 
by extensive snow depth probing (black squares). Error bars represent uncertainties of measured 
snow depth (± one standard deviation) and resulting variations of snow water equivalent. 
 
In general, calibration results document that the model is able to provide reasonable and 
adequate estimations of the surface mass balance of Vestfonna. Moreover, it is shown that 
the modelling approach used is able to reproduce both spatial variability as well as 
absolute amounts of surface mass balance values on a high level of accuracy. 
Validation of the surface mass balance model is done by comparison of modelled and 
measured snow water equivalents above the previous summer surface at the eight snow 
pit locations (Fig. 5.6). At three of these locations snow density profiling was 
accompanied by extensive snow depth probing. This means that more than fifteen 
individual soundings have been carried out to measure the depth of the previous summer 
surface within a radius of 20 m from the snow pit. From these soundings mean snow 
depths were estimated that were afterwards used for snow water equivalent calculation at 
the respective snow pit locations. As local variability of snow depth was found to be quite 
high due to melt water or snowdrift influences, only these locations could be used for 
retrieval of reliable snow water equivalents. Extensive snow depth soundings were done 
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around the snow pits at AWS1 in May 2008 and on Ahlmann Summit in May 2008 and 
2009. The validation procedure (Fig. 5.6) reveals that model results provide a reliable 
estimate of the surface mass balance of Vestfonna. It thus supports the already good 
model performance suggested during model calibration. 
The error range of the modeled cumulative surface mass balance of Vestfonna (cf. Fig. 
5.7) is calculated from the deviations between modeled and measured point balances at 
the stake locations (Fig. 5.6) as expressed by the annual RMS error (δa = 0.56 m w.e.). 
Error propagation to the past is done according to Rasmussen and Kohler [2007] as 
 
 
∑= 2009 2
i
ai δσ
 (5.12) 
 
with σi being the associated error range of year i. It assumes that modelling errors in the 
surface mass balance time series are uncorrelated from year to year as it is the case for the 
modelling architecture used. Accordingly, the obtained error range of cumulative surface 
mass balance increases from 0.56 m w.e. in 2008/2009 to 1.68 m w.e. in 2000/2001. 
 
5.1.5 Model sensitivity and error consideration 
The sensitivities of the surface mass balance model to possible errors in the input data and 
to uncertainties in calibrated model parameters are assessed to allow for a reliable 
interpretation and discussion of modelled surface mass balance values. Analysis is done 
according to the related data category, i.e. remote sensing data, meteorological data and 
mass balance data. 
 
5.1.5.1 MODIS data 
The MODIS based, daily updated albedo grids show an RMS error of 0.12 (Eα) compared 
to the in situ records of AWS2 (cf. Subsect. 5.1.2.3) while the RMS error of modelled 
global radiation (ER) at AWS4 was calculated to 32.4 W m-2 (cf. Subsect. 5.1.4.1). Both 
of these uncertainties independently combine in the ablation model. Thus, the resulting 
overall uncertainty (U1) can be calculated from the radiation related term of Equation 5.1 
by applying error propagation rules according to: 
 
 ( ) ( )[ ]221 1 RRGR EfREfU ⋅−⋅+⋅⋅= αα . (5.13) 
 
This equation can be maximized by setting RG to its maximum measurement at AWS4 
(383 W m-2) and α to its respective minimum measurement (0.24). Accordingly, the 
obtained maximal error range potentially induced by incorporation of remote sensing data 
into the ablation model amounts to 3.5 mm w.e. day-1 and thus roughly 0.1 m w.e. per 
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month. However, this assumption is far too high to represent reality in an adequate way. 
A more conservative estimate is achieved using the mean measurements of RG (90 W m-2) 
and α (0.82) instead. The obtained uncertainty therewith reduces to 0.82 mm w.e. day-1, 
i.e. roughly 0.025 m w.e. per month. As its influence is limited to the ablation season (i.e. 
three months; cf. Sect. 5.1.6), the mean annual uncertainty amounts to 0.075 m w.e. An 
additional consideration of the uncertainty introduced by the incorporation of fractional 
cloud cover grids is not appropriate as this is implicitly included in the RMS error of 
modelled global radiation. 
The obtained result reveals an only minor sensitivity of the ablation model (Eq. 5.1) to 
potential errors and inaccuracies in the remotely sensed, gridded data that has been 
incorporated in the model architecture. 
 
5.1.5.2 Air temperature data 
The uncertainties of measured slope lapse rate and downscaled air temperature data 
influence both, the ablation (melt amount) and accumulation (rain-snow transition) 
model. Model sensitivity to this data category can thus not be analyzed analytically as 
done for the influence of the MODIS data (cf. Subsect. 5.1.5.2). It is obtained empirically 
by running the surface mass-balance model with altered parameterizations and input data. 
The standard deviation of measured slope lapse rate was calculated to 0.4 K (100 m)-1 
while the obtained RMS error of downscaled air temperature data amounts to 1.4 K (cf. 
Subsect. 5.1.3.3). Hence, a first set of additional model runs is performed with the air 
temperature lapse rate set to 0.3 and 1.1 K (100 m)-1, respectively. A second set is 
performed with daily input air temperature data shifted according to a ±1.4 K offset. 
Results reveal a minor sensitivity of the surface mass balance model to lapse rate 
variations but very high sensitivity to the uncertainties inherent in the downscaled air 
temperature data. Regarding lapse rate uncertainty the resulting mean deviation of annual 
surface mass balance (U2) amounts to just 45±11 mm w.e. with the given range indicating 
one standard deviation. Deviations induced by air temperature uncertainty, in contrast, 
reach 323±51 mm w.e. (U3). Both uncertainties do almost exclusively influence the 
summer balance. However, air temperature uncertainty can, additionally, create sporadic, 
very small melt events during the winter season. 
Taken together, these results imply that air temperature downscaling is a crucial factor 
regarding model accuracy. The statistical downscaling method used in this study is not 
able to reproduce short term extremes in summer air temperature as they might occur as a 
result of strongly regional weather conditions; a limitation that affects most statistical 
downscaling approaches applied to gridded climate data. Modelled ablation might thus 
underestimate the ablation in fact occurring on the ice cap during these periods. 
 
5.1.5.3 Precipitation data 
The precipitation data used are created based on two parameters (Eq. 5.8), i.e. scaling 
factor and lapse rate. The uncertainty introduced into surface mass-balance modelling is 
therefore assessed by performing additional model runs with the scaling factor (0.8) 
altered within a range of ±0.2 and the lapse rate (9%) altered within a range of ±5%. 
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Resulting mean annual deviations in modelled surface mass balances amount to 
163±35 mm w.e. (scaling factor, U4) and 93±20 mm w.e. (lapse rate, U5), respectively. 
Presented model sensitivities has to be regarded as showcase values, as no quantitative 
information on the error possibly inherent in precipitation scaling factor and lapse rate is 
deducible. 
In addition, it has to be born in mind that the precipitation time series used for surface 
mass-balance modelling, i.e. the scaled Ny-Ålesund record, does not necessarily represent 
the full variability potentially present in the local precipitation regime at Vestfonna, even 
if it is still the best data set available to serve for the purpose it is used for in this study 
and even if it has already been applied in a surface mass-balance model of neighbouring 
Austfonna by Schuler et al. [2007]. Seasonal and annual accumulation provided by the 
model are both backed quite well by stake measurements at most elevation levels of the 
ice cap, but the shorter the considered time scale becomes the more considerable 
differences might be present between model environment and local reality at the ice cap. 
Hence, the internal variability within the monthly values of the winter balances has to be 
regarded as critical and is thus not accounted for during the interpretation of the obtained 
results. Moreover, it has to be born in mind that the majority of stakes is located on the 
western part of Vestfonna due to logistical reasons. It could thus not be ruled out that the 
other parts of the ice cap might show a slightly different precipitation and thus 
accumulation pattern. 
 
5.1.5.4 Mass balance data 
Data on mass balance and thus especially snow density are a crucial issue regarding 
surface mass-balance model calibration. Snow density data obtained in eight individual 
snow pits are incorporated in both the calibration and the validation procedure. However, 
only one summer snow pit (August 8) could be retrieved in the accumulation area 
(AWS3) due to logistical limitations. As melt conditions generally occur until at least end 
of August this might introduce an error of unknown magnitude into the mean of snow 
density data. Moreover and likewise due to logistical limitations, no measurements at any 
of the ablation/accumulation stakes located in the accumulation area could be carried out 
at the end of the summer seasons. Information about ablation within the accumulation 
area and the resulting quantities of melted snow water equivalents are thus not available. 
Another limiting factor regarding model accuracy is created by temporary weather 
conditions on the ice cap. Measured point balances at the stake locations as well as their 
spatial variability are influenced by strong snowdrift conditions. Chemical snow analysis 
carried out by Beaudon and Moore [2009] reveal that these episodic events do have the 
power to redistribute considerable amounts of snow across the surface of Vestfonna. Due 
to the large extent of the ice cap it is reasonable to assume that local losses or gains of 
snow mass caused by snowdrift conditions do balance each other when integrating over 
the entire glacier surface. However, it could not be ruled out that snowdrift originating on 
neighbouring Austfonna might also influence the mass balance of Vestfonna during the 
occurrence of weather types characterized by strong easterly winds. This process could 
introduce a bias of unknown magnitude into some if not any of the point balance 
measurements. 
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5.1.5.4 Overall consideration 
Downscaling of air temperature data is the most crucial factor when it comes to overall 
model accuracy. It is followed by the potential influences of the precipitation model. 
Uncertainties resulting from lapse rate issues (both air temperature and precipitation) are 
of minor importance as is the uncertainty resulting from possible inaccuracies in the 
MODIS data. By applying error propagation rules according to 
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the overall uncertainty of the surface mass balance model (Usmb = 0.38 m w.e. a-1) can be 
achieved. 
 
5.1.6 Results and discussion 
In the period 2000-2009 the modelled surface mass-balance regime of the ice cap is 
characterized by a regular seasonal pattern; a long accumulation period is followed by an 
accordingly short ablation period (Fig. 5.8). The general accumulation period spans 
September to May. The ablation season is formed by only three month, i.e. June, July and 
August, with a pronounced peak in July. In some years minor ablation is still present 
during September, but the resulting monthly mass loss does never even reach amounts 
high enough to counterbalance the accumulation. According to this typical temporal 
pattern, the mass-balance year of Vestfonna is defined to start in the beginning of 
September and last until the end of August. 
Results suggest a mean surface mass-balance rate of +0.23 m w.e. a-1 for the period 
September 2000 to August 2009 resulting in a cumulative surface mass balance of 
+2.1±1.7 m w.e. (Fig. 5.7). However, this finding has to be seen against the background 
of a large year to year variability (Tab. 5.3) that is suggested by the large standard 
deviation of annual surface mass balances (0.24 m w.e.). The first part of the time series 
(2000-2003) shows distinctly positive surface mass-balance years (> +0.33 m w.e.). The 
period starts with the most positive year in the series (2000/2001). It shows a glacier-wide 
surface mass balance of +0.59 m w.e. that was fed by the most positive winter balance 
(+0.73 m w.e.) followed by the least negative summer balance (-0.14 m w.e.) during the 
modelling period. The positive years at the beginning of the period are followed by a 
period characterized by years with annual surface mass balances close to equilibrium 
(2003-2007). These years were primarily influenced by comparably, strongly negative 
summer balances that show a mean of -0.48 m w.e. for this period. Their individual 
combination with highly variable accumulation sums (standard deviation of 0.14 m w.e.) 
led to more positive surface mass balances during mass-balance years with high 
accumulation sums and vice versa. Accordingly, the most negative mass-balance year of 
the modelling period (2004/2005, -0.18 m w.e.) was triggered by the least positive winter 
balance (+0.31 m w.e.). During the most recent years (2007-2009) surface mass balance 
has started to become distinctly positive again (> +0.35 m w.e.). This development is 
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governed by decreasing annual ablation while annual accumulation has remained 
relatively stable. 
 
 
Fig. 5.7: Modelled glacier-wide surface mass balance of Vestfonna for the mass-balance years 
2000/2001 to 2008/2009. The bar chart shows annual balance (black bars), winter balance (white 
bars) and summer balance (grey bars). The line graph shows the associated cumulative surface 
mass balance with the given error range representing ±1σ (Eq. 5.12). Winter balances last from 
September 1 to May 31 and summer balances from June 1 to August 31. 
 
The overall picture (Tab. 5.3, Fig. 5.7) indicates that accumulation is more important than 
ablation for determining the annual surface mass balance of Vestfonna. Total annual 
accumulation as well as both, winter and summer balance are almost equally correlated to 
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annual surface mass balance at a level of r = 0.93. The correlation of annual surface mass 
balance with total annual ablation, however, only reaches r = 0.89. This suggests that 
precipitation is more dominant in controlling the surface mass balance of the ice cap than 
air temperature and radiation together. 
 
Winter balance Summer balance Mass-
balance 
year 
Surface 
mass 
balance fixed 
date 
strati-
graphic 
Total 
annual 
acc. fixed 
date 
strati-
graphic 
Total 
annual 
abl. 
2000/2001 +0.59 +0.73 +0.73 +0.82 -0.14 -0.16 -0.23 
2001/2002 +0.34 +0.66 +0.67 +0.80 -0.32 -0.30 -0.46 
2002/2003 +0.33 +0.61 +0.59 +0.66 -0.28 -0.28 -0.33 
2003/2004 -0.01 +0.52 +0.52 +0.57 -0.53 -0.53 -0.58 
2004/2005 -0.18 +0.31 +0.31 +0.36 -0.49 -0.49 -0.54 
2005/2006 +0.21 +0.66 +0.66 +0.69 -0.45 -0.45 -0.48 
2006/2007 +0.04 +0.50 +0.50 +0.55 -0.45 -0.46 -0.51 
2007/2008 +0.35 +0.65 +0.65 +0.69 -0.30 -0.31 -0.34 
2008/2009 +0.39 +0.64 +0.65 +0.70 -0.25 -0.25 -0.31 
Average +0.23 +0.59 +0.59 +0.65 -0.36 -0.36 -0.42 
 
Tab. 5.3: Glacier wide annual, winter and summer surface mass balance and total annual 
accumulation and ablation for the mass-balance years 2000/2001 to 2008/2009. Seasonal balances 
according to fixed date as well as stratigraphic system. Mass-balance years in the fixed-date 
system last from September 1 to August 31. Therein, winter balances refer to the period September 
1 to May 31 and summer balances to the period June 1 to August 31.Unit is m w.e. 
 
The surface mass-balance profiles show high interannual variability revealing that no 
clear trend regarding the equilibrium line altitude (ELA) is observable (Figs. 5.9, 5.10). 
Modeled annual ELAs during the nine years span between 160 m a.s.l. (2000/2001) and 
450 m a.s.l. (2004/2005). However, the mass-balance gradients remain relatively constant 
from year to year, except for the gradients in 2001/2002 and 2008/2009 that are distinctly 
higher. The spatial variability of surface mass balance (Fig. 5.10) reveals a continuous 
mass gain over large parts of the interior of the ice cap. The land-terminating parts of the 
southeastern and western glacier fringes turned out to be almost in balance except for the 
most negative mass-balance years. Considerable loss of glacier mass only occurred 
throughout the lower marginal areas of the ice cap with pronounced emphasis on its south 
facing slopes as well as Franklinbreen and the northeastern land-terminating parts. The 
annual exchange is very stable with time (Tab. 5.3, Fig. 5.7). It shows almost equal 
amounts over the entire modelling period slightly fluctuating around a mean of 1.1 m w.e. 
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The small interannual variability is revealed by the associated standard deviation of only 
0.1 m w.e. 
The derived surface mass-balance profiles (Fig. 5.9) form a marked contrast to the results 
obtained by Hagen et al. [2003b]. They estimated the ELA on western Nordaustlandet to 
range between 400 and 500 m a.s.l. during the last decades of the 20th century. However, 
for the period 2000-2009 our study reveals a mean annual ELA of 283±88 m a.s.l. (mean 
± one standard deviation). It is thus situated more than 100 m below the estimate of 
Hagen et al. [2003b]. This finding indicates a distinctly more positive surface mass 
balance of Vestfonna in the period 2000-2009 as during the previous decades. 
 
Fig. 5.8: Time series of modelled monthly glacier-wide surface ablation, accumulation and surface 
mass balance of Vestfonna for the period September 2000 to August 2009. 
 
The temporal pattern of modelled surface mass balances of Vestfonna is in line with 
findings obtained for Austfonna or the Ny-Ålesund region [Hagen et al., 2003b; 
Rasmussen and Kohler, 2007; Schuler et al., 2007]. Hagen et al. [2003b] suggested 
Austfonna to be in equilibrium at the beginning of the decade. But for the period April 
2004 to April 2005 the surface mass-balance modelling study of Schuler et al. [2007] 
suggested a clearly negative surface mass balance of -0.32 m w.e. including refreezing. 
Our results also reveal a clearly positive surface mass balance at the beginning of the 
decade and a distinctly negative peak in the mass-balance year 2004/2005. For the study 
period of Schuler et al. [2007] (2004/04/29 to 2005/04/23) our results reveal a 
comparably negative surface mass balance also for Vestfonna (-0.21 m w.e.). Starting 
from that, a positive trend of surface mass balance during the second half of the decade 
was found (Fig. 5.7). A comparable pattern was also identified in a five-year surface 
mass-balance time series (2004-2008) of the neighboring Eton-/Winsnesbreen basin 
(northwestern Austfonna) [Moholdt et al., 2010a]. Taken together, it can be concluded 
that the general course of surface mass balances throughout the northern Svalbard 
archipelago is mirrored in the here presented Vestfonna time series. However, it has to be 
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born in mind that the absolute annual surface mass balance values presented in this study 
are subject to an overall model uncertainty of ±0.38 m w.e. a-1. 
 
Fig. 5.9: Area-altitude distribution of Vestfonna (bar chart) and mean surface mass-balance 
profiles for the mass-balance years 2000/2001 to 2008/2009. Each mass-balance year lasts from 
September 1 to August 31. Calculations are performed on 20 m altitude bins. 
 
Given the fact that the presented study does not account for any refreezing processes, it 
has, moreover, to be borne in mind that the climatic mass balance (including surface mass 
balance and refreezing) of Vestfonna is likely more positive than the surface mass 
balance that only considers accumulation and ablation and has been the focus in this 
study. On Austfonna the fraction of winter snow that refreezes within the snow pack 
during summer melt was found to range between 60 and 100% [Schuler et al., 2007 and 
references therein] and it is reasonable to assume that the conditions on neighbouring 
Vestfonna do not differ markedly. Hence, refreezing needs to be included in any attempts 
to assess the total mass balance of Vestfonna. 
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Fig. 5.10: Spatial patterns of surface mass balance (m w.e.) of Vestfonna for the mass-balance 
years 2000/2001 to 2008/2009. Each mass-balance year lasts from September 1 to August 31. 
Contour spacing is 100 m. Grey shading at the tips of the southern outlet glacier tongues 
represents data voids in the MODIS albedo product (cf. Subsect. 5.1.2.3). 
 
 
5.1.7 Conclusion 
The surface mass balance of Vestfonna was calculated for the nine year period September 
2000 to August 2009 using a temperature-radiation-index mass-balance model driven by 
ERA-interim air temperature and weather station precipitation data as well as remote 
sensing derived cloud cover and albedo data. Results indicate generally short ablation 
seasons (3 months) and correspondingly longer accumulation seasons (9 months) during 
the entire modeling period. Surface mass-balance rates show high interannual variability. 
Taken together the nine mass-balance years in the period 2000-2009 lead to a positive 
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cumulative surface mass balance of +2.1±1.7 m w.e. (Fig. 5.7). A steep increase fed by 
highly positive surface mass-balance rates is present at the beginning and at the end of the 
time series. 
Over the nine years studied Vestfonna shows a mean annual surface mass-balance of 
+0.23 m w.e. Mean winter and summer balances amount to +0.59 m w.e. and 
-0.36 m w.e., respectively. Precipitation is suggested to be the more dominant factor in 
determining the surface mass balance than air temperature and radiation together. The 
mean annual ELA is calculated to 283±88 m a.s.l. (mean ± one standard deviation) and 
thus to an altitude more than 100 m below the estimate given by Hagen et al. [2003b] for 
the end of the 20th century. This suggests Vestfonna is experiencing a distinctly more 
positive surface mass balance than during the preceding decade. Further studies are 
needed to quantify internal accumulation and mass loss by calving in order to arrive at 
total mass changes of the ice cap. 
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5.2 Surface mass-balance information acquired from 
field work in the period 2008-2010 
The ice cap Vestfonna has been subject of glaciological fieldwork during six field 
campaigns in the period 2008-2010. Surface mass-balance measurements were acquired 
at a network of mass-balance stakes and a variety of snow pits. Results relevant for mass-
balance studies comprise point-balance data and information on distribution of snow 
depth with altitude. 
 
5.2.1 Introduction 
In the framework of the IPY Kinnvika project (cf. Subchapt. 1.1) six individual field 
campaigns have been carried out on Vestfonna in the period 2008-2010 (Tab. 5.4). The 
conducted fieldwork focused on a transect along the northwestern slope of the ice cap and 
on its second highest point, Ahlmann Summit (Fig. 5.11). Point surface mass-balances 
were obtained using the glaciological method, i.e. on the basis of mass-balance stakes, 
snow pits and continuous automatic measurements of relative surface-elevation changes 
at four AWS. The analysis presented in this subchapter focuses only on the description 
and interpretation of non-automatic mass-balance measurements at Vestfonna. An 
implicit consideration of the continuous measurements of the various AWS is already 
included in Subchapter 5.1 and is thus not accounted for any further. Besides that, the 
AWS records will be analysed and published separately and in comprehensive details by 
Roman Finkelnburg (Technische Universität Berlin). 
 
Period Duration No. stakes No. snow pits 
2008/05/11 - 2008/06/01 21 n.a. 4 
2008/08/04 - 2008/08/18 14 14 2 
2009/05/13 - 2009/05/26 13 9 – 
2009/08/04 - 2009/08/15 11 3 – 
2010/05/15 - 2010/05/21 6 7 1 
2010/08/19 - 2010/08/21 2 8 1 
 
Tab. 5.4: Overview on field campaigns and achieved in-situ measurements of surface mass-
balance components. Duration is given in days; days of arrival/departure are counted half. No. 
stakes and No. snow pits refer to the number of repeat readings achieved at mass-balance stakes 
and to the number of snow profiles acquired from snow pits. 
 
Measurements have been conducted against the background of building a data basis of in-
situ point surface mass-balance information. This data basis is intended to serve as a basis 
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for calibration and validation purposes regarding mass- and energy-balance modelling of 
the ice cap and meteorological modelling of atmospheric conditions for Nordaustlandet. 
Data of mass-balance stake measurements reflect both, ablation and accumulation 
processes while data obtained from snow pit studies focus on accumulation only. 
However, snow pit studies also reveal valuable information regarding ablation. 
 
 
Fig. 5.11: Locations of point surface mass-balance measurements. Imagery is formed by a Terra 
ASTER scene acquired August 17, 2000. Coordinates correspond to UTM zone 34N. 
 
5.2.2 Methods 
The glaciological method, formerly termed direct method, is a method for determination 
of surface mass balances in-situ on the glacier, i.e. by using measurements at stakes and 
in snow pits or measurements obtained from snow cores [Cogley et al., 2011]. Mass 
balances are obtained by integrating measured changes of density of snow, firn and/or ice 
over measured changes of snow depth and/or relative elevation of the ice-surface. 
 
5.2.2.1 Mass-balance stakes 
A network of 18 mass-balance stakes (15 along the transect and three on Ahlmann 
Summit, cf. Fig. 5.11) was installed using a Heucke steam drill in May 2008 (cf. Fig. 
D.1). Stakes consist of two separate 2 m long aluminium tubes (diameter: 25 mm, wall 
thickness: 2.0 mm) connected internally by a 0.4 m long aluminium tube (diameter: 
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20 mm, wall thickness: 2.5 mm). The tubes are fixed to each other by metal screws (Fig. 
D.2). The network covers an altitude range between 210 and 600 m a.s.l. Individual 
stakes were emplaced in holes down to depths that allow for them to survive at least two 
subsequent mass-balance years. Stakes installed in the ablation area were emplaced 
deeper into the glacier than those installed in the accumulation area (Tab. 5.5). This 
pattern of installation depth aims at accounting for estimated amounts of annual ablation 
and accumulation. 
 
Length 
ID Installation Altitude 
Ice Snow Above 
VF1 2008/05/28 197 1.09 2.15 0.76 
ECS1-1 2008/05/19 240 1.64 1.98 0.38 
ECS1-2 2008/05/19 240 2.01 1.74 0.25 
ECS1-3 2008/05/19 240 2.22 1.54 0.24 
VF2 2008/05/28 285 2.57 0.88 0.55 
VF3 2008/05/28 329 2.11 1.13 0.76 
ECS2-1 2008/05/27 370 1.51 1.10 1.39 
ECS2-2 2008/05/27 370 1.47 0.93 1.60 
ECS2-3 2008/05/27 370 1.54 1.04 1.42 
VF4 2008/05/28 413 1.15 1.12 1.73 
VF5 2008/05/28 458 0.52 1.50 1.98 
ECS3-1 2008/05/20 500 – 1.80 2.20 
ECS3-2 2008/05/20 500 – 1.72 2.28 
ECS3-3 2008/05/20 500 – 1.74 2.26 
VF6 2008/05/28 550 – 1.62 2.38 
AWS2-1 2008/05/18 600 – 0.70 3.30 
AWS2-2 2008/05/18 600 – 0.71 3.29 
AWS2-3 2008/05/18 600 – 0.71 3.29 
 
Tab. 5.5: Metadata of mass-balance stakes at the time of installation on Vestfonna. Stakes are 
shown in order of increasing altitude. Locations on the ice cap are shown in Fig. 5.11. Altitude is 
given in m a.s.l. Length refers to the respective part of the stake located below the glacier ice 
surface (Ice), within the snowpack (Snow) or above the snow surface (Above). It is given in m. 
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Measurements at stakes are carried out regarding two quantities, i.e. the length of the 
stake above the surface and the snow depth (Fig. D.3). From repeat measurements of 
these two values relative surface-elevation changes of both snow and ice surfaces can be 
calculated. Also the amount of superimposed ice formed on the ice surface can be 
derived. The method thus only reveals point surface mass balances; no information 
regarding internal or basal mass balances can be obtained. The point balances at the 
respective stake locations are calculated by additional consideration of separate density 
measurements in snow pits along the mass-balance stake transect (cf. Fig. 5.11). Mean 
snow density was set to 400 kg m-3 and mean ice density to 900 kg m-3 (cf. Subchapt. 
5.1.2.6). Figure 5.12 presents a simplified scheme of the measurement and calculation 
method. 
 
Fig. 5.12: Stake measurements of seasonal mass balance in a year of positive (left) and a year of 
negative (right) surface mass balance, with no superimposed ice. The z coordinate is positive 
downwards, with origin z = 0 at the top of the stake. Light shading represents snow; dark shading 
represents firn or glacier ice. Measurements are made at t0, the start of the accumulation season; at 
tx, the start of the ablation season (strictly, the date when the mass of the column is at its maximum 
for the mass-balance year); and at t1, the end of the mass-balance year. The quantities measured 
are: at t0, when by definition there is no snow, the glacier surface height z0 (the height of the 
summer surface); at tx, the glacier surface height zx and (in a nearby snow pit or with a coring 
device) the mean snow density ρx; and at t1, the surface height z1 and the mean density ρ1 of the 
snow (if any). The winter balance bw is the change of mass between t0 and tx. The summer balance 
bs is the change of mass between tx and t1. It is impractical to measure ρs, or ρ1 when the annual 
balance is negative. In these cases the density of the lost mass is supplied by making an 
appropriate assumption; sometimes the summer balance is evaluated as –bw + ba. At the instant 
following t1, any residual snow is deemed to become firn and the glacier surface, at z1, becomes 
the summer surface z0 of the next mass-balance year [Cogley et al., 2011]. 
 
5.2.2.2 Snow pits 
A total of eight snow profiles was retrieved from snow pits dug along the stake transect as 
well as on Ahlmann Summit (Fig. 5.11). Pit locations were chosen such that they are 
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undisturbed by snow mobile or foot tracks. Each pit was excavated down to the respective 
previous summer surface. Digging was done by hand using shovels. The vertical test 
walls faced northerly directions to avoid sunshine influences if necessary. Excavated 
snow was placed aside of the pit avoiding influences on the edge of the test wall. Access 
to the deeper parts of the pits was assured by construction of several steps opposite to the 
test walls. 
 
Metamorphism Class Symbol Morphology 
Precipitation particles + 
Decomposing and 
fragmented precipitation 
particles 
/ Equilibrium growth 
Rounded grains ? 
Faceted crystals ? 
Depth hoar ∧ Kinetic growth 
Melt forms ? 
 
Tab. 5.6: Overview of morphological grain shape classes. Classes and symbols are denoted 
according to Fierz et al. [2009]. Morphological figures are taken from SLF table of snow attributes 
(Fig. 5.13). Equilibrium growth occurs at low temperature gradients and causes grains to round 
off; figures in this section correspond to ~5.0?3.5 mm. Kinetic growth occurs at high temperature 
gradients and results in recrystallization and changes in crystal size and shape; figures in this 
section correspond to ~9.0?6.0 mm. 
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Fig. 5.13: Measurement devices for snow profile attributes of the SLF. Left: Custom made scale 
and snow density sampler (photo by C. Schneider). Top right: Metal-made SLF table of snow 
attributes. Middle right: SLF table with magnifying glass for grain-shape identification (photo by 
T. Sauter). Bottom right: Testo thermometer with attached metal probe sticking in the snow 
(photo by M. Möller). 
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Term Hand hardness index Hand test object 
Very soft 1 Fist 
Soft 2 4 fingers 
Medium 3 1 finger 
Hard 4 Pencil 
Very hard 5 Knife blade 
Ice 6 Ice 
 
Tab. 5.7: Overview on hardness classes of deposited snow. Classes are denoted according to the 
hand hardness test [Fierz et al., 2009]. 
 
The stratigraphic records acquired from the test walls comprise layering, grain shape, 
density, hardness and temperature of the snowpack. Measurements of grain shape (Tab. 
5.6) and snow density were performed using devices of the Swiss Institut für Schnee- und 
Lawinenforschung (SLF) of the Eidgenössische Forschungsanstalt für Wald, Schnee und 
Landschaft. The measurement equipment comprises magnifying glass, steel tape measure 
and a density sampler consisting of an 18 cm long metal tube with a cross section of 
25 cm2 and an attachable, custom made scale (Figs. 5.13, D.4). Snow hardness was 
classified using the hand hardness test (Tab. 5.7). Snow temperature was measured using 
a Testo thermometer (Figs. 5.13, D.4) with attached metal probe at an accuracy of ±1°C. 
 
5.2.3 Measurement results 
5.2.3.1 Repeat readings of stakes 
A total of 41 repeat readings was obtained at 15 of the 18 mass-balance stakes installed. 
Successful measurements were achieved in summer 2008 as well as in spring and summer 
2009 and 2010. However, safety reasons prohibited measurements at most of the stakes in 
summer 2009 except for the stakes at ECS2. Superimposed ice formation was detected in 
the ablation season 2008. Recovery attempts regarding stakes VF6, AWS2-2 and AWS2-
3 were unsuccessful during any field campaign and no repeat readings could be obtained 
at all. Repeat readings at stakes in the accumulation area could not be achieved after 
summer 2008 due to failed recovery attempts or logistical limitations. An exception is 
AWS2-1 that could be successfully measured in spring 2009. An overview of measured 
point surface mass balances is presented in Table 5.8. 
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ID Sp08-Su08 Su08-Sp09 Sp09-Su09 Su09-Sp10 Sp10-Su10 
VF1 -0.16 – – – – 
ECS1-1 -0.22 +0.13 ←   -0.12   → -0.38 
ECS1-2 -0.21 +0.02 ←   -0.13   → -0.75 
ECS1-3 +0.06 -0.22 ←   -0.17   → -0.87 
VF2 -0.12 -0.10 ←   -0.17   → -0.82 
VF3 -0.12 -0.16 ←   -0.05   → -0.38 
ECS2-1 -0.08 +0.13 -0.26 +0.16 -0.64 
ECS2-2 -0.13 +0.05 -0.20 +0.22 -0.68 
ECS2-3 -0.13 ←   -0.21   → ←   -0.34   → 
VF4 ±0.00 +0.51 – – – 
VF5 -0.05 – – – – 
ECS3-1 +0.05 – – – – 
ECS3-2 +0.05 – – – – 
ECS3-3 +0.06 – – – – 
VF6 – – – – – 
AWS2-1 ←   +0.98   → – – – 
AWS2-2 – – – – – 
AWS2-3 – – – – – 
 
Tab. 5.8: Measured surface mass balances at stakes in m w.e. Locations are shown in Figure 5.11. 
Sp and Su denote spring and summer campaigns of the given years, i.e. 08, 09 and 10. Values 
account for superimposed-ice formation if appropriate (cf. Fig. 5.14, Tab. B.2). Numbers shown as 
italic characters are affected by obvious measurement errors. A detailed overview of all 
measurements and calculations is given in Appendix B. 
 
5.2.3.2 Snow profiles 
From the eight snow pits that have been dug in total, five spring snow profiles and three 
summer snow profiles could be analysed. The majority of the snow profiles were 
acquired in 2008 during the spring (ECS1, ECS2, ECS3, AWS2) and the summer field 
campaign (ECS1, ECS3). Another two profiles were acquired in spring and summer 2010 
at ECS2. During all other field campaigns or at all other locations logistical reasons or 
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lack of snow cover prevented any snow profile analysis. An overview of bulk values of 
all attributes measured is provided in Table 5.9. 
 
Temp. Density Hardness 
Date Location Depth 
∅ ± ∅ ± ∅ ± 
No. 
layers
ECS1 2.00 -8.2 
-6.9 
-8.9 
444 
316 
520 
3.9 
3.0 
4.0 
3 
ECS2 1.00 -7.2 
-5.4 
-8.5 
387 
200 
458 
3.4 
1.0 
5.5 
7 
ECS3 1.20 -8.9 
-8.6 
-9.1 
381 
341 
400 
3.5 
2.0 
4.5 
9 
Spring 
2008 
AWS2 1.99 -9.6 
-4.5 
-11.5 
388 
143 
465 
4.0 
1.0 
5.0 
6 
ECS1 1.07 -0.9 
-0.8 
-1.7 
446 
233 
526 
3.6 
1.0 
6.0 
6 
Summer 
2008 
ECS3 1.34 -1.0 
-1.0 
-1.4 
419 
188 
495 
3.6 
1.0 
6.0 
5 
Spring 
2010 ECS2 0.94 -6.7 
-3.3 
-8.5 
404 
336 
480 
3.2 
1.5 
6.0 
11 
Summer 
2010 ECS2 0.18 -0.8 
-0.8 
-0.9 
411 411 1.5 1.5 1 
 
Tab. 5.9: Overview of bulk attributes of snow profiles. ∅ denotes the respective mean, ± the range 
between minimum and maximum. Depth is given in m, snow temperature (Temp.) in °C, density 
in kg m-3 and hardness according to Table 5.7. Comprehensive descriptions of each snow profile 
that account for the respective stratigraphy instead of for bulk values only are presented in 
Appendix C. 
 
5.2.4 Discussion 
From stake measurements and snow-profile analysis information regarding point surface 
mass balances were derived. Snow-depth sounding also provided data on superimposed 
ice formation and altitudinal distribution of snowpack thickness. Figure 5.14 presents the 
most important results. 
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Fig. 5.14: Snow depth measured in May 2008 (black filled circles) and seasonal surface mass 
balances in the period 2008-2010. Balances measured over an ablation season (bs, May-August) 
are shown as red filled symbols, balances measured over an accumulation season (bw, August-
May) as blue symbols. Dashed lines serve for easier identification of togetherness within a 
measurement season. They do not represent any kind of interpolation scheme. In August 2009 
measurements are only available for ECS2 (cf. Fig. 5.11), therefore bs 2009 and bw 2009/2010 are 
shown without any lines. Grey bars and grey dashed lines represent superimposed ice formation. 
 
5.2.4.1 Surface mass balance and superimposed ice formation 
Point balances are calculated as both seasonal and annual values. Measurements referring 
to the period between a spring and a summer campaign in the following are denoted as 
‘summer balance” while measurements referring to the period between a summer and a 
spring campaign are termed ‘winter balance’. However, it has to be noted that despite this 
denomination the related mass balances do not exactly equate the balances that would 
result when strictly adhering to the official nomenclature described in Figure 5.12. 
Due to the lack of data from August 2009 annual balances could only be achieved for the 
location of ECS2. For the mass-balance year 2008/2009 an annual point balance of 
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-0.1 m w.e. was measured. For this period the surface mass-balance model (Subchapt. 
5.1) calculated a mean surface mass balance of +0.5±0.38 m w.e. for the altitude of ECS2 
(370 m a.s.l., Fig. 5.9). The difference becomes explainable when taking into account 
local conditions on the ice cap that have been observed during the field campaign in May 
2009. Locally, bare glacier ice was exposed in the area between ECS1 and ECS2 while 
snow depth again increases towards ECS1 and beyond ECS2. This indicates considerable 
loss of winter snow due to snow drift in the area surrounding ECS2. In spring 2008 snow 
depth sounding at ECS2 yielded a mean thickness of the snowpack of ~1 m. In spring 
2009 a depth of only ~0.6 m was measured. However, the overall accumulation sums in 
both preceding winters are similar (cf. Fig. 5.8). Thus, part of the difference between 
modelled and observed surface mass balance can be attributed to an additional, wind-drift 
induced ablation of almost 0.2 m w.e. that is not accounted for in the model. This finding 
underlines the need for representation of snow drift and spatially distributed accumulation 
in the surface mass-balance model; a task that is planned to be accomplished in future 
work. 
The comparison between measured annual point surface mass balances of 2008/2009 and 
2009/2010 at ECS2 yields a distinctly more negative result for the latter mass-balance 
year (-0.47 m w.e.). This difference between the two years is affected by several strong 
snowfall events in summer 2008 that occurred after the stake readings and a considerably 
later date of the stake readings in summer 2010. However, as the majority of ablation 
generally occurs during July (cf. Fig. 5.8) this fact could not be considered as the only 
explanation for the considerable difference in surface mass balance between the two 
years. As no model data is available for the mass-balance year 2009/2010, the measured 
differences in point surface mass balance at ECS2 could only be considered as evidence 
for a considerably more negative mass-balance year. 
In general, results indicate increasingly negative surface mass balances when comparing 
the summer balances of 2008, 2009 and 2010 (Fig. 5.14). The point balances at ECS2 
show a decrease from -0.11 m w.e. over -0.23 m w.e. to -0.66 m w.e. Also measurements 
along the remainders of the lower part of the stake transect suggest a distinctly more 
negative summer balance for 2010 than for the previous years. On average the difference 
to 2008 is -0.5 m w.e. Absolute values of 2010 summer balances throughout the 
lowermost parts of the transect reach down to -0.82 m w.e. (Tab. 5.8). The first summer 
balance (2008) can be regarded as extraordinarily positive. It even shows net 
accumulation above ~435 m a.s.l. and thus a positive summer balance throughout the 
central parts of the ice cap (Fig. 5.14). 
The two accumulation periods covered by the measurements in contrast show less 
different point surface mass balances at ECS2. The winter balance of 2008/2009 amounts 
to +0.09 m w.e. while the one of 2009/2010 reaches +0.19 m w.e. For the winter balance 
2008/2009 also the distribution of surface mass balance with altitude was obtained (Fig. 
5.14). It shows a strong increase of accumulation above ~330 m a.s.l. (VF3). However, 
the gradient is reversed below this altitude indicating the minimum winter balance in 
altitudes between ECS1 and ECS2. The fact that this minimum shows negative surface 
mass balances and thus a net mass loss further emphasizes the snow-drift hypothesis 
mentioned above. 
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Superimposed ice formation was recorded at ECS1 and ECS2 in summer 2008 (Fig. 5.14) 
in both the point surface mass-balance measurements in August 2008 and May 2009. This 
indicates that the period of formation spans the entire ablation season of 2008. Although 
maximum ablation generally occurs in July considerable shares of superimposed ice have 
also formed in the second half of August. On average, it accounts for +0.07 m w.e. of the 
point surface mass balance at both ECS1 and ECS2 in summer 2008. Due to a lack of 
snow depth information from VF2, VF3 and VF4 in August 2008 no information on the 
possible altitudinal distribution of superimposed ice is available. However, it is evident 
that in snow-rich summers its formation is not limited to the areas around the ELA but 
can also reach down to lower parts of Vestfonna.  
This finding suggests that superimposed ice formation holds the potential to re-add 
considerable amounts of previously melted snow to the ice cap. In latter years, i.e. 2009 
and 2010 no evidence of superimposed ice formation was found. In both summers bare 
glacier ice was exposed up to altitudes above ECS2 and summer ablation thus not only 
affected the snow pack but also the glacier ice. It most probably melted away the initially 
formed superimposed ice completely. 
 
5.2.4.2 Snow-depth pattern 
The altitudinal distribution of snow depth along the measurement transect was obtained 
from the initial snow-depth soundings carried out during installation of the mass-balance 
stake network in May 2008. Snow depth shows a general increase with altitude ranging 
from ~0.9 m at around 300 m a.s.l. to ~1.5 m at 450 m a.s.l. (Fig. 5.14). However, an 
increase of snow depth is also evident towards the glacier fringe. Its absolute gradient 
even exceeds the one obtained for the part of the profile located above 300 m a.s.l. Snow 
depths were found to increase to more than 2.0 m at around 200 m a.s.l. 
This pattern is probably due to the influences of snow drift. The increase of snow pack 
thickness towards lower altitudes originates from accumulation of drift snow in the 
hollow mould along the fringe of the ice cap. This hypothesis is supported by satellite 
imagery (cf. Fig. 5.11) showing a band of snow cover in front of the land-terminating part 
of the north-western slopes of Vestfonna. As this snow band is deemed to regularly 
outlast the summer months it has to be regarded as evidence for a systematic pattern of 
increased accumulation. Frequent wind drift-induced loss of snow throughout the more 
convex areas in between ECS1 and ECS2 like the one that occurred in the winter season 
2008/2009 (cf. Subsect. 5.2.4.1) is considered as responsible for the pronounced 
depression of snow depth in altitudes between 250 and 300 m a.s.l. 
The gradients of the measured surface mass-balance profile of the accumulation season 
2008/2009 in general almost perfectly trace the gradients of altitudinal distribution of 
snow depth. As the snow depth pattern of May 2008 and the accumulation pattern of the 
winter season 2008/2009 are, however, completely uncorrelated to each other this fact 
can be regarded as further proof of the potential existence of a systematic, wind-driven 
pattern within the snow-depth distribution along the measurement transect. 
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5.2.4.3 Snowpack characteristics 
The most important task of snow profile-related fieldwork was the retrieval of reliable 
snow density information for mass-balance studies. From the bulk values presented in 
Table 5.9 a snow density of 410±25 kg m-3 (mean ± one standard deviation) is obtained. 
This value is slightly higher than the one described in the Vestfonna modelling study 
(404±21 kg m-3, Subsect. 5.1.2.6). It is based on a different set of snow pits. For the 
modelling study the summer 2010 data of the snow pit at ECS2 were not yet available. 
Therefore, density information of a snow profile acquired at AWS4 (cf. Fig. 5.1) was 
included. As these data were not based on own field data the respective snow pit is 
excluded from this analysis. However, although the data basis is slightly different almost 
similar mean snow densities are obtained. This adds to the reliability of the snow-density 
information. 
The small standard deviation suggests that the snow cover of Vestfonna is rather 
homogeneous throughout the year in terms of bulk density. Layers characterized by 
distinctly higher densities are evident in both the spring and the summer snow profiles 
(Tab. 5.9) indicating no major densification in the course of the ablation seasons. This 
fact can only be explained by continuous settlement and compaction with wind drift being 
the only frequently present agent that is able to assure a continuous rounding of snow 
grains and thus a densification of the snow cover even throughout the subzero months of 
the year. Wind crusts that were found in the winter snow packs at ECS3 and AWS2 in 
May 2008 (cf. Figs. C.3 and C.4) support this hypothesis. In the uppermost parts of the 
ice cap frequently high wind speeds can be expected. Moreover, the snow pack 
throughout this area is assumed not to be influenced by melt water during the winter 
months. Hence, no alternative explanation for the formation of crusts is available. 
The frequent existence of ice layers in the summer snow profiles (cf. Figs. C.5, C.6, C.8) 
indicate a considerable importance of refreezing processes for surface mass balance. The 
formation of ice layers within the snow cover already re-adds substantial amounts of 
previously melted mass to the snow pack even before the percolating melt water reaches 
the glacier-ice surface where it would form superimposed ice under conditions of a not 
yet filled cold content of the thermally active layer of the glacier. Thus, parts of the snow 
pack have to be melted several times until runoff occurs. This influences the surface mass 
balance towards more positive values. Regarding the situation in summer 2008 the 
various, rather thin ice layers that have been identified in different depths within the snow 
profiles at ECS1 and ECS3 (Figs. C.5 and C.6) indicate the occurrence of several strong 
but short melt events interrupted by periods of snow accumulation. Long-lasting melt 
events would instead have resulted in rather thick layers characterized by lots of smaller 
ice lenses. 
The mean snow pack temperature at the beginning of the ablation season (-8.1°C, Tab. 
5.9) indicates the existence of a high cold content that has to be filled up before ablation 
can occur. The three summer snow profiles in contrast revealed mean bulk temperatures 
of -0.9°C. This is the case in both the summers 2008 and 2010 under distinctly different 
conditions. As the snow pack temperatures in summer 2010 were measured close to 
melting conditions it is suggested that this value is influenced by a systematic 
measurement error of the Testo thermometer. This indicates that even in the snow-rich 
summer 2008 the cold content of the snow pack was completely filled up by the persistent 
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energy gain throughout the warmer episodes of the respective ablation season and snow 
cover was at or at least very close to melting point at the time of snow profile analysis at 
ECS1 and ECS3. In combination with the frequent occurrence of ice layers in the snow 
pack (cf. Figs. C.5 and C.6), this suggests that the only slightly negative summer balance 
of 2008 is not caused by less ablation but rather by higher accumulation. As this higher 
accumulation is not mirrored in the modelling study (cf. Fig. 5.8) this underlines the 
necessity to include an enhanced accumulation module into the surface mass-balance 
model. 
 
5.2.5 Conclusion 
Three main conclusions can be drawn from the comparison of field studies with surface 
mass-balance model output; a methodical one and two directly related to local conditions 
at Vestfonna. 
The influence of wind drift is evident in almost all fieldwork based findings. It becomes 
also evident that accumulation is not adequately represented in the modelling study. 
Hence, these findings reveal the general necessity of studying the spatial distribution of 
accumulation on Vestfonna in order to arrive at a more reliable glacier-wide surface 
mass-balance estimate than it is presented in Subchapter 5.1. This could only be achieved 
by implementing a distinctly more sophisticated accumulation module into the surface 
mass-balance model that accounts for both accurate timing of precipitation events as well 
as snow displacements due to wind drift. 
Regarding the abnormally snow-rich summer 2008 it can be concluded that frequent 
snowfall events are responsible for the snow cover to outlast the entire ablation season. 
Ablation was found to be within usual limits. It is suggested that these frequent snowfall 
events during the summer months induce a doubly positive feedback regarding surface 
mass balance. Besides the well know albedo feedback with subsequently decreased melt 
rates summer snowfall on Vestfonna also establishes the basis for continuous 
superimposed ice formation with new ice layers formed before surface ablation can affect 
the underlying older ice. 
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6 Overall conclusions 
Sea-level rise contributions from GIC are widely expected to increase in the future [Raper 
and Braithwaite, 2006; Meier et al., 2007; Solomon et al., 2007]. In recent times, i.e. in 
the period 1960-2005 the ice masses of only Patagonia and the Arctic accounted for 
almost half of all GIC induced sea-level rise [Kaser et al., 2006]. This thesis improved 
the knowledge on glacier mass balance in these two most influential regions by 
considering GCN and Vestfonna as case-study areas. Furthermore, it contributed to the 
enhancement and further development of glacier mass-balance models showing low 
complexity and minimal input-data requirements for estimation of present and future 
glacier changes and thus sea-level rise contributions. 
 
6.1 Improvement of knowledge on mass balance 
This thesis contributed to partly closing the gap in knowledge about present and future 
glacier changes in Patagonia and the Arctic. Surface mass-balance models have been set 
up and implemented for the ice caps GCN and Vestfonna. 
The glacier change of GCN in the period 1984-2000 was calculated based on DEM data 
(Subchapt. 4.1). In this period the ice cap showed an annual thinning rate of 
0.37±0.14 m w.e. a-1. Considerable decrease of ice volume was observed throughout the 
low altitude outlet-glacier tongues. Negative surface elevation changes of almost 
50 m ice eq. extended up to altitudes of 300 m a.s.l. The uppermost, central parts of the 
ice cap, however, showed a pronounced thickening of up to around 15 m ice eq. Overall, 
this equals a total loss of ice masses of 1.2±0.5 km³ w.e. within the 16-year period based 
on the 1984 glacier area (204.2 km²). The altitudinal pattern of glacier surface-elevation 
changes was attributed to the effects of both, increased air temperature and increased 
precipitation superimposed onto each other. A quantification of the climate forcing 
yielded conditions that are comparable to air temperature and precipitation offsets of 
+0.35 K and +11% from a climate regime theoretically leading to an equilibrium surface 
mass-balance of the ice cap. The result was found to be in good agreement with 
meteorological observations in southernmost Patagonia. A positive air temperature trend 
of +0.3 K per decade is evident for Punta Arenas during the end of the 20th century 
[Rosenblüth et al., 1997]. An increase of precipitation is likewise found in weather station 
records [e.g. Casassa et al., 2002b; Rosenblüth et al., 1995] and is moreover theoretically 
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derived from the strengthening of the Southern Hemispheric westerlies due to a 
persistently positive trend of the SAM [Marshall et al., 2004]. 
The climate sensitivity of GCN was estimated and discussed by means of mass-balance 
modelling (Subchapt. 4.2). The ice cap was found to be extraordinarily sensitive to 
climate perturbations even when compared to other highly maritime glaciers around the 
world [Oerlemans and Reichert, 2000]. Air temperature sensitivity is exceptionally high 
during the summer months and reaches values of -0.27±0.01 m w.e. K-1 in January (Fig. 
4.15). However, it shows strong seasonal characteristics with considerably lower values 
throughout the winter months (-0.04±0.00 m w.e. K-1 in June). Precipitation sensitivity 
constantly fluctuates around +0.03 m w.e. with no annual cycle being evident. The 
dominance of air temperature over precipitation sensitivity was found to increase with 
climate warming (Fig. 4.18). The retreat of the outlet glaciers of GCN will thus most 
probably accelerate during the 21st century even if a further increase in precipitation 
would induce higher annual accumulation on the ice cap. 
A 200-year surface mass-balance time series related to the reference-surface of 1998 was 
calculated for GCN (Subchapt. 4.2). It shows a constantly negative trend starting from 
annual glacier-wide rates +1.6±1.9 m w.e. a-1 at the beginning of the 20th century (Fig. 
4.17). For recent years the surface mass balance of the ice cap was calculated to 
-1.0±1.0 m w.e. a-1 and for the end of the 21st century even -4.0±1.4 m w.e. a-1 were 
estimated when applying a climate forcing according to the IPCC SRES scenario A2. Due 
to the lack of representation of changing glacier area with time in the model formulation, 
these mass-balance rates, however, represent a considerable overestimation of past 
surface mass balances and vice versa an underestimation of the future ones. 
A more reliable estimate of future glacier changes of GCN was calculated for its largest 
outlet glacier, GN (Subchapt. 4.3). Starting from an initial glacier area of 54.3 km² in 
1984, the glacier tongue was estimated to retreat to surface extents between 35.4±3.2 km² 
and 34.9±3.2 km² at the end of the 21st century (Fig. 4.23). This calculation employs 
volume-area scaling methods within surface mass-balance modelling and is based on 
assuming climate forcing according to IPCC SRES scenario B1 and A2, respectively. The 
area change is modelled to result in a recession of the glacier fringe to altitudes between 
539±37 m a.s.l. (B1) and 546±40 m a.s.l. (A2) (Fig. 4.25) and an overall loss of ice 
masses of ~6.0 km3 (Fig. 4.24). 
A surface mass-balance time series was calculated for Vestfonna for the period 2000-
2009 (Subchapt. 5.1). The mean annual surface mass-balance rate for this period is 
suggested to be slightly positive (+0.23 m w.e. a-1, Fig. 5.7) resulting in a cumulative 
surface mass balance of +2.1±1.7 m w.e. for the nine-year period. High interannual 
variability is evident within the time series. However, no trends were found; neither in the 
annual nor in the seasonal surface mass balances. In 2000/2001 glacier-wide surface mass 
balance was calculated to be distinctly positive (+0.59 m w.e. a-1). A period of marked 
decrease of surface mass balance down to equilibrium conditions was found for the 
period 2003-2007. The most negative mass-balance year (2004/2005) showed a surface 
mass-balance of -0.18 m w.e. In recent years, i.e. since 2007, surface mass balance of the 
ice cap has again turned to distinctly positive conditions (> +0.35 m w.e.). For the study 
period accumulation and thus precipitation was found to be the most influencing factor 
for surface mass balance determination. Air temperature and radiation are suggested to 
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play a comparably minor role. The mean ELA for 2000-2009 was modelled to 
283±88 m a.s.l. (mean ± one standard deviation). This number is more than 100 m lower 
than an earlier estimate given for the end of the 20th century [Hagen et al., 2003b]. Hence, 
Vestfonna is expected to experience more positive surface mass balances in the present 
than in the preceding decade. 
Partly within the period covered by the modelling study glaciological fieldwork has been 
carried out on Vestfonna during three subsequent years (2008-2010, Subchapt. 5.2). From 
the in-situ measurements a marked difference to model results became obvious regarding 
the summer balance of 2008. In the field, August 2008 turned out to be abnormally snow-
rich while in the model output no distinct difference to previous or later years is evident. 
It is suggested that the summer of 2008 was subject to frequent snowfall events that in 
turn were responsible for a continuous snow cover to be found during the entire ablation 
season. Subsequently, a doubly positive feedback regarding the surface mass balance of 
the ice cap resulted. Besides decreased melt rates due to a positive albedo feedback the 
basis for higher superimposed-ice formation rates were formed. The continually increased 
snow cover prevented the surface ablation to reach previously formed ice layers and 
instead contributed to the formation of new layers. Summer accumulation thus turned out 
to be a crucial factor for the surface mass balance of Vestfonna. 
 
6.2 Further development of mass-balance models 
In this thesis new approaches and improved methods of glacier mass-balance modelling 
have been developed related to climate sensitivity studies, representation of continuous 
area changes in non-dynamic, straightforward model setups and implementation of cloud 
radiative forcing in spatially distributed mass-balance models. The methods have been 
implemented for GCN and Vestfonna. 
An approach has been developed to attribute the altitudinal pattern of a surface mass-
balance profile to a distinct, underlying climate forcing (Subchapt. 4.1). This forcing is 
represented in terms of minimum air temperature and precipitation offsets starting from 
theoretical equilibrium surface mass-balance conditions. 
A method was introduced to derive the volume of a glacier from terrain surface and multi 
temporal glacier extent information (Subchapt. 4.3). The approach contributes a valuable 
and feasible tool for estimating the ice volume of less intensively studied regions on the 
basis of easily accessible information only. Moreover, the method was implemented in a 
surface mass balance model for continuous adjustment of the glacier area to surface mass 
balance-induced volume changes. The model proved to calculate glacier area changes 
with an accuracy of better than 1% (cf. Tab. 4.8). Hence, it is concluded that with this 
method a non-complex and straightforward approach for modelling of conventional 
surface mass balances was established. Its general applicability could, moreover, be 
shown by the successful transfer of the method to another glacier [Buttstädt et al., 2009]. 
The temperature-radiation-index melt model presented by Pellicciotti et al. [2005] was 
enhanced by incorporation of cloud radiative forcing and surface albedo information 
based on daily remote sensing data (Subchapt. 5.1). Therewith, true spatially distributed 
net shortwave radiation was achieved. The improvement results in a promising approach 
to make the ablation modules of surface mass-balance models account for both, highly 
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variable as well as very dense cloud cover that is frequently present in Arctic 
environments. This in turn contributes to introduce a suitable tool for a more reliable 
modelling of surface mass balances under various climatic conditions. 
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Appendix 
A  Details of calculation of solar radiation 
In Subchapter 5.1 an overview of a model of potential clear-sky direct solar radiation on 
an arbitrarily oriented and inclined surface is presented. This model is based on a formula 
suggested by Bernhardt and Philipps [1958] (cf. Eq. 5.5). A detailed outline of the 
mathematics behind the individual variables used in this equation is omitted in favour of 
reading fluency in the description of the respective study. This is made good for in the 
following. In order to assure unproblematic understanding the initial parts of Subsection 
5.1.3.4 are recapitulated within this appendix. 
Potential clear-sky direct solar radiation on an arbitrarily oriented and inclined surface 
(R0,dir) is estimated according to the reduction of the radiation intensity at the top of the 
atmosphere (S0 = 1368.0 W m-1) due to atmospheric transmission losses as presented by 
Bernhardt and Philipps [1958]: 
 
  ( )
ζ
ζζ
cos
018.0
*
0,0 cos
907.0cos
LT
dir ESR ⎥⎦
⎤⎢⎣
⎡⋅⋅⋅= .  (A.1) 
 
Terrain shading is accounted for based on standard geometry [Corripio, 2003]. Atmos-
pheric turbidity is represented by the so called Linke turbidity factor (TL) [Linke, 1961]. 
The eccentricity correction factor (E) is the squared ratio of the mean earth-sun distance 
and the actual distance at the respective day of modeling. It can be calculated according 
to Iqbal [1983] as 
 
  Γ⋅+Γ⋅+
Γ⋅+Γ⋅+=
2sin000077.02cos000719.0
sin001280.0cos034221.0000110.1E
  (A.2) 
 
with Γ being the day angle of the sun, that can be determined as a function of the respec-
tive day of the year (dy): 
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( )
365
12 −⋅=Γ ydπ . (A.3) 
 
The zenith angle of the sun with respect to a theoretical, planar surface (ζ) or with respect 
to an arbitrarily oriented and inclined surface (ζ*), i.e. the angel of incidence between the 
normal to the surface and the sunbeam, is given according to standard solar geometry 
[e.g. Benrod and Bock, 1934; Iqbal, 1983] by: 
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ωδγββ
δγββζ
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Φ is the geographic latitude (north being positive) of the illuminated surface, that is de-
fined by its slope (β) and its aspect (γ). The time-dependent variables are hour angle of 
the sun (ω) and solar declination (δ) at the respective date and time of modelling. ω is the 
azimuth between the position of the sun at noon and its actual position at the time of 
modelling with morning hours forming positive angles and afternoon hours negative 
ones. δ is calculated from the day angle of the sun (Γ) according to Spencer [1971] as: 
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B  Details of mass-balance stake measurements 
In Subchapter 5.2 an overview of measurements at the mass-balance stake network is 
given. However, only basic metadata regarding stake installation is given (Tab. 5.5) and 
only the derived seasonal surface mass balances are presented (Tab. 5.8). Additional in-
formation on superimposed ice formation contributing to the listed surface mass balances 
is left out, as are metadata regarding the dates of stake measurements during the various 
field campaigns. Moreover, metadata regarding the exact locations of the stakes are omit-
ted. All this is made good for in the following. 
 
ID Northing Easting Su08 Sp09 Su09 Sp10 Su10 
VF1 8882313 469714 – – – – – 
ECS1-1 8881935 469862 08/05 05/20 – 05/20 08/20 
ECS1-2 8881894 469818 08/05 05/20 – 05/20 08/20 
ECS1-3 8881888 469788 08/05 05/20 – 05/20 08/20 
VF2 8881556 470014 08/07 05/20 – 05/20 08/20 
VF3 8880920 470161 08/07 05/20 – 05/20 08/20 
ECS2-1 8880317 470400 06/08 05/20 08/07 05/16 08/20 
ECS2-2 8880282 470381 06/08 05/20 08/07 05/16 08/20 
ECS2-3 8880238 470353 06/08 – 08/07 – 08/20 
VF4 8879426 470668 08/08 05/21 – – – 
VF5 8878776 471012 08/08 – – – – 
ECS3-1 8878050 471465 08/08 – – – – 
ECS3-2 8878027 471436 08/08 – – – – 
ECS3-3 8878022 471422 08/08 – – – – 
VF6 8876884 472226 – – – – – 
AWS2-1 8879476 483028 – 05/18 – – – 
AWS2-2 8879494 482957 – – – – – 
AWS2-3 8879548 483015 – – – – – 
 
Tab. B.1: Locations (UTM zone 34N, Fig. 5.11) of mass-balance stakes and dates of measure-
ments within the respective field campaign. Sp and Su denote spring and summer campaigns of the 
given years, i.e. 08, 09 and 10. Individual dates are given as month/day. 
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C  Description of snow profile stratification 
In Subchapter 5.2 an overview of bulk values of the analysed snow profiles is presented 
(Tab. 5.9). Additional information on metadata regarding each individual snow pit is left 
out, as are any layer-specific values. Detailed descriptions and characteristics of snow 
profile stratification including related metadata are presented in the following. 
 
ID Altitude Northing Easting Date Air temp. 
ECS1-Sp08 240 m a.s.l. 8881934 469841 2008/05/19 -6.8°C 
 
 
 
Fig. C.1: Snow-profile stratification down to the last-summer surface (LSS) in snow pit at ECS1 in 
spring 2008. Coordinates correspond to UTM zone 34N. Grain-shape symbols (left column) are 
given according to Table 5.6, \\\\ below LSS signifies glacier ice. Hardness (cf. Tab. 5.7) is shown 
as dashed line, density as thin line and snow temperature as thick line. Roman numerals on the 
right denote individual layers. 
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ID Altitude Northing Easting Date Air temp. 
ECS2-Sp08 370 m a.s.l. 8880270 470372 2008/05/28 -6.3°C 
 
 
 
Fig. C.2: Snow-profile stratification down to the last-summer surface (LSS) in snow pit at ECS2 in 
spring 2008. Coordinates correspond to UTM zone 34N. Grain-shape symbols (left column) are 
given according to Table 5.6, \\\\ below LSS signifies glacier ice. Hardness (cf. Tab. 5.7) is shown 
as dashed line, density as thin line and snow temperature as thick line. Roman numerals on the 
right denote individual layers. 
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ID Altitude Northing Easting Date Air temp. 
ECS3-Sp08 500 m a.s.l. 8878046 471446 2008/05/20 -8.2°C 
 
 
 
Fig. C.3: Snow-profile stratification down to the last-summer surface (LSS) in snow pit at ECS3 in 
spring 2008. Coordinates correspond to UTM zone 34N. Grain-shape symbols (left column) are 
given according to Table 5.6, //// below LSS signifies firn. Hardness (cf. Tab. 5.7) is shown as 
dashed line, density as thin line and snow temperature as thick line. Roman numerals on the right 
denote individual layers. 
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ID Altitude Northing Easting Date Air temp. 
AWS2-Sp08 600 m a.s.l. 8879498 482989 2008/05/18 -4.5°C 
 
 
 
Fig. C.4: Snow-profile stratification down to the last-summer surface (LSS) in snow pit at AWS2 
in spring 2008. Coordinates correspond to UTM zone 34N. Grain-shape symbols (left column) are 
given according to Table 5.6, //// below LSS signifies firn. Hardness (cf. Tab. 5.7) is shown as 
dashed line, density as thin line and snow temperature as thick line. Roman numerals on the right 
denote individual layers. 
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ID Altitude Northing Easting Date Air temp. 
ECS1-Su08 240 m a.s.l. 8881934 469841 2008/08/05 -2.4°C 
 
 
 
Fig. C.5: Snow-profile stratification down to the summer surface (SS) in snow pit at ECS1 in 
summer 2008. Coordinates correspond to UTM zone 34N. Grain-shape symbols (left column) are 
given according to Table 5.6, \\\\ below SS signifies glacier ice. Hardness (cf. Tab. 5.7) is shown 
as dashed line, density as thin line and snow temperature as thick line. Roman numerals on the 
right denote individual layers. 
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ID Altitude Northing Easting Date Air temp. 
ECS3-Su08 500 m a.s.l. 8878046 471446 2008/08/08 -4.1°C 
 
 
 
Fig. C.6: Snow-profile stratification down to the summer surface (SS) in snow pit at ECS3 in 
summer 2008. Coordinates correspond to UTM zone 34N. Grain-shape symbols (left column) are 
given according to Table 5.6, //// below SS signifies firn. Hardness (cf. Tab. 5.7) is shown as 
dashed line, density as thin line and snow temperature as thick line. Roman numerals on the right 
denote individual layers. 
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ID Altitude Northing Easting Date Air temp. 
ECS2-Sp10 370 m a.s.l. 8880270 470372 2010/05/16 -1.9°C 
 
 
 
Fig. C.7: Snow-profile stratification down to the last-summer surface (LSS) in snow pit at ECS2 in 
spring 2010. Coordinates correspond to UTM zone 34N. Grain-shape symbols (left column) are 
given according to Table 5.6, \\\\ below LSS signifies glacier ice. Hardness (cf. Tab. 5.7) is shown 
as dashed line, density as thin line and snow temperature as thick line. Roman numerals on the 
right denote individual layers. 
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ID Altitude Northing Easting Date Air temp. 
ECS2-Su10 370 m a.s.l. 8880270 470372 2010/08/20 +1.6°C 
 
 
 
Fig. C.8: Snow-profile stratification down to the summer surface (SS) in snow pit at ECS2 in 
summer 2010. Coordinates correspond to UTM zone 34N. Grain-shape symbols (left column) are 
given according to Table 5.6, \\\\ below SS signifies glacier ice. Hardness (cf. Tab. 5.7) is shown 
as dashed line, density as thin line and snow temperature as thick line. Roman numeral on the right 
denotes individual layer. 
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D  Photos of Vestfonna fieldwork 
Subchapter 5.2 presents various fieldwork based measurement data as well as related 
interpretation results. In the following photos are shown that document the employed 
measurement methods and the usage of measurement devices. 
 
Fig. D.1: Preparation work for mass-balance stake installation. Left: M. Möller drilling a hole for 
emplacement of a stake using a Heucke steam drill (photo by C. Schneider). Right: detail of a hole 
drilled into the glacier ice (photo by M. Möller). 
 
Fig. D.2: Preparation of mass-balance stakes in Kinnvika research station by M. Möller (photo by 
M. Möller). 
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Fig. D.3: Field-data acquisition at mass-balance stakes. Left: snow-depth sounding at stake VF2 
done by R. Möller (photo by M. Möller). Right: surface-ablation measurement at stake ECS1-1 
done by M. Möller (photo by M. Braun). 
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Fig. D.4: Measurements of snow-profile attributes. Top left: visual stratigraphy analysis and listing 
by M. Möller (photo by T. Sauter). Top right: probing for snow-density measurements by C. 
Schneider (photo by M. Möller). Bottom left: snow-density measurement by R. Möller (photo by 
M. Möller). Bottom right: snow-temperature measurement by R. Möller (photo by M. Möller). 
 
